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GENERAL INTRODUCTION 
Oat breeders began efforts to increase protein concen­
tration in oat (Avena sativa L.) groats (caryopsis) in the 
inid-1960's, and subsequently released several high-protein 
cultivars (Frey, 1977; Forsberg and Shands, 1989). Like other 
small grains, however, high groat-protein content usually is 
associated with low grain yield. For example, the correlation 
between grain yield and percent protein among cultivars in the 
Iowa Oat Test is about -0.6. Combining high grain protein 
content with acceptable grain yield and good agronomic quali­
ties has been difficult to acheive. 
Currently, most oat breeding programs emphasize genetic 
improvement for grain yield and disease resistance with little 
effort given to changing protein concentration (Forsberg and 
Shands, 1989). Several high yielding oat cultivars have been 
released recently, but these typically are low to moderate in 
protein concentration. This trend illustrates the problem of 
increasing grain yield without a concomitant decrease in 
groat-protein concentration. 
Selection for protein yield may offer a reasonable com­
promise between these two conflicting objectives. Protein 
yield is highly correlated with grain yield but is independent 
of protein percent, or at worst, shows a slight negative 
association (Takeda and Frey, 1979). Thus, selection for 
protein yield can improve grain yield almost as much as direct 
selection for grain yield, yet hold average protein concentra­
tions at a constant level (Takeda and Frey, 1985). 
Although grain yield and protein concentration are nega­
tively correlated, the genetic evidence seems to show that the 
two traits are under the control of two interacting, yet 
separate sets of genes. The release of high-protein cultivars 
with acceptable grain yields demonstrates that high protein 
concentration need not translate necessarily into low grain 
yield. Frey (1973) in oat and Kibite and Evans (1984) in 
wheat have shown that the correlation between grain yield and 
protein content may be due to cultural and environmental 
limitations rather than genetic influences. Kuenzel and Frey 
(1985) were able to produce populations from matings between 
diverse oat parents in which grain yield and protein concen­
tration were independent of each other. Thus, both grain 
yield and protein concentration can contribute to the improve­
ment of protein yield in oat. In fact, it should be possible, 
with some effort, to simultaneously improve both traits. 
Adapted cultivars and other elite lines are a primary 
source of desirable alleles for both grain yield and protein 
content. Certain lines of the wild progenitor of oat, A. 
sterilis L., contain up to 35% protein (Frey et al., 1975) and 
provide valuable genetic resource for high protein genes. Cox 
and Frey (1985) found that the high-protein genes from A. 
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sterilis L. were complementary to high-protein genes from A. 
sativa L. In the long term, effective introgression of genes 
from A. sterilis L. may increase both protein percentage and 
protein yield to higher levels than is possible using only 
elite germplasm. 
Recurrent selection is a breeding method well suited to 
the improvement of broad based gene pools (Hallauer, 1985; 
Frey, 1988). McFerson and Prey (1990, 1991, 1992) initiated 
three recurrent selection programs (HGP, HG, HP) for increas­
ing protein yield in oat using three different selection 
criteria. They selected for protein yield per se in HGP, for 
protein yield due to high grain yield in HG, and for protein 
yield due to both high grain yield and high protein concentra­
tion in HP. Each selection strategy improved protein yield 
over three cycles of selection by about 5% per cycle. All 
three strategies also improved grain yield, but HG showed the 
greatest rate of gain followed by HGP and HP. Protein concen­
trations were increased, held constant, and slightly decreased 
in the HP, HGP, and HG, respectively. 
The basic purpose of this research was to continue the 
recurrent selection program for another two cycles of selec­
tion and conduct an independent evaluation of the effective­
ness of these three selection strategies. Specifically the 
objectives of this research were to: 
1) determine the effectiveness of Sj-recurrent selection 
for the improvement of protein yield of oat, 
2) compare the response of groat-protein yield, groat 
yield, and groat-protein concentration to the three different 
selection regimes for protein yield, 
3) evaluate and compare the correlated response of yield 
components to selection in these three lines of descent, and 
4) determine the correlated responses of agronomic traits 
due to selection for protein yield and compare the agronomic 
performance of the improved populations with commercial cult-
ivars. 
Explanation of thesis format 
This dissertation contains three papers that will be 
submitted for publication. Each paper deals with the respons­
es of various traits to three S^-recurrent selection strate­
gies for increased groat-protein yield of oat. Paper I de­
scribes the changes in groat-protein yield, groat yield, and 
groat-protein concentration, paper II evaluates the responses 
in yield components, and paper III compares the response of 
agronomic traits within the three lines of descent to commer­
cial oat cultivars and elite lines. 
The papers are preceded by a Literature Review and fol­
lowed by a General Summary. References cited in the General 
Introduction, Literature Review, and General Summary are 
listed in the section, "Additional References" which follows 
the General Conclusions. 
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LITERATURE REVIEW 
Oats are unique among the small grains for the quality 
and quantity of storage proteins found in the mature groats. 
Most cereals contain a fairly poor quality protein - low in 
several of the essential amino acids such as lysine, methio­
nine, threonine, and tryptophan (Frey, 1977). Oat, however, 
contain the highest average percentage of protein of all 
cereals. Oat protein is composed of a superior balance of 
essential amino acids which is maintained over the entire 
range of protein concentrations (Murphy, 1988). Furthermore, 
groat-protein concentration as high as 35% have been observed 
in A. sterllis L., the wild relative and progenitor of culti­
vated oat (Frey et al., 1975). 
The economic and nutritional benefits of increased pro­
tein concentration, the unique nature of oat protein, and the 
potential exploitation of adapted and exotic germplasm stimu­
lated intense interest and much research on the genetic im­
provement of protein content in Avena spp. This review will 
summarize the literature dealing with the inheritance of 
protein concentration and protein yield in oat, the associa­
tion between protein concentration and other important agro­
nomic traits in oat, and some of the numerous selection 
schemes and breeding methods proposed for the applied breeding 
of high protein oat. 
Inheritance 
Protein concentration. Several reports have shown that 
additive gene effects are the primary source of variation for 
protein concentration in both cultivated oat and A. sterllis, 
but epistatic effect also may be present in some populations 
(Campbell and Prey 1972b/ Ohm and Patterson, 1973a, 1973b; 
Iwig and Ohm, 1976, 1978). General combining ability was the 
most predominant source of variation for protein concentration 
in four six-parent diallels, each produced from either A. 
sterilis or A. sativa germplasm, or both (Tantivit and Frey, 
1974; Ohm and Patterson, 1973a, 1973b; Iwig and Ohm, 1976). 
Iwig and Ohm (1978) estimated the genetic variance components 
of a population of 424 advanced inbred lines derived from a 
cross between high and low protein parents, and they found 
significant additive genetic variance and additive X additive 
epistasis. 
Most matings of oats show partial dominance for low 
protein concentration (Ohm and Patterson, 1973a, 1973b; Sraon 
et al., 1975; Iwig and Ohm, 1976). Partial dominance for low 
protein may be due to the heterotic response for grain yield 
reducing the protein concentration in the high yielding 
hybrids (Frey, 1977). Frey et al., (1955) observed two lines 
in which the direction of dominance depended on the genetic 
background of the cross. The high protein content of 'Colo', 
for example, was dominant in a cross with a low protein line. 
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'Mindo', but recessive in a cross with a different low protein 
line, CI 5298. Gene action in advanced generations is usually 
additive, although some inbred populations show distributions 
that are consistent with epistatic gene action (Campbell and 
Prey, 1972b). 
Heritability estimates for protein concentration in oat 
vary, but they generally are moderate to high, with an average 
of about 0.4 (Takeda and Frey, 1979). Environmental effects 
on protein concentration, however, can be large and must be 
considered in the evaluation of genotypes for protein concen­
tration (Forsberg and Shands, 1989). 
Frey et al. (1954, 1955) showed that several genes con­
trol protein content in cultivated oat. A. sterills germplasm, 
however, may contain genes with major effects (or several 
genes with small effects closely linked together). Campbell 
and Frey (1972b) noted the high frequency of parental types 
for protein concentration they recovered in small populations 
derived from interspecific matings, and concluded that protein 
concentration in those populations was simply inherited. 
Sraon et al., (1975) estimated the number of effective factors 
in several populations derived from interspecific matings to 
range from 1 to 25, depending on the genetic divergence of the 
parental lines. Iwig and Ohm (1978) observed large differenc­
es between pairs of Fgg or F3 4 lines from the same family, 
which also indicates the presence of a few major genes. 
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Recent molecular analysis shows that the genes coding for 
globulin (the major storage protein in oat groats) are present 
in many copies in the genome and are part of a large and 
heterogeneous multigene family (Walburg and Larkins, 1986; 
Shotwell et al., 1990). These studies also indicate that 
several copies of the genes may be arranged end to end on a 
chromosome. Such an arrangement of loci may give the appear­
ance of a single gene with a large effect. 
The literature is divided on the effects of cytoplasm on 
protein concentrations. Tantivit and Frey (1974) analyzed a 
full diallel among three A. sterilis L. and three A. sativa L. 
parents and observed that Fg progeny of the three inter­
specific matings with the A. sterilis line B43 0 as the female 
had significantly higher protein concentrations than the 
reciprocal crosses with B430 as the male. Spidle et al. 
(1974) also observed possible favorable effects of A. sterilis 
cytoplasm on protein concentrations. Ohm and Patterson 
(1973b), however, failed to detect any significant cytoplasmic 
effects among the F^ progeny of a full six-parent diallel. 
An important question regarding the expression of A. 
sterilis genes for high protein in A. sativa genetic back­
ground is the complementarity of the two sources of genes; 
i.e., do the high-protein genes transferred from A. sterilis 
represent unique genetic material that can be combined with A. 
sativa high protein genes to further improve protein concen­
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tration of oats? Campbell and Frey (1972b) showed that sig­
nificant genetic variation for protein concentration was 
present in populations of interspecific matings, even though 
the parents did not differ in protein concentration. Lyrene 
and Shands (1975b) observed transgressive segregates for high 
protein in interspecific crosses, indicating genetic diversity 
between the two parents. 
Cox and Frey (1985) addressed this question by comparing 
the frequency of transgressive segregates and the magnitude of 
the genetic variances in crosses within and among two groups 
of high-protein lines. One group of lines derived their high-
protein genes from A. sterilis sources while the other group 
derived their high-protein genes from A. sativa. The inter-
group matings produced a higher frequency of transgressive 
segregates for protein content than the intragroup matings. 
In particular, intergroup crosses involving the line PI469111 
(with A. sterilis protein genes) produced a higher frequency 
of transgressive segregates and significantly larger genetic 
variances than any intragroup mating. These results are 
similar to the situation in wheat where the cross between 
'Atlas 66' and 'Nap Hal', each containing two unique sources 
of high protein genes combined to produce protein levels in 
the progeny which were higher than in either parent alone 
(Johnson et al., 1985). 
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Protein yield. Protein yield is the product of grain 
yield and protein concentration. More than 90% of the varia­
tion in protein yield is associated with grain yield, whereas 
less than 10% of the variation is explained by protein concen­
trations; high percent protein does not tend to contribute to 
high protein yield (Takeda and Prey, 1979; McFerson and Frey, 
1990) . Heritability estimates for protein yield are usually 
between 0.30 and 0.60. High protein yield is partially domi­
nant and heterosis for high protein yield is frequently ob­
served in early generations (Ohm and Patterson 1973b). 
Protein yield is highly positively correlated with total 
plant yield and harvest index. The correlations between 
protein yield and heading date and height vary (Takeda and 
Frey, 1979; Jalani et al., 1981), but selection for protein 
yield will most likely produce later and taller populations 
(McFerson and Frey, 1992). 
Trait associations 
The exploitation of A. sterilis germplasm for the im­
provement of oat protein raised the concern that linkage or 
pleiotropic effects may negate the high protein potential of 
A. sterilis germplasm. Dark seed color, jointed awns, lemma 
pubescence, abscission spikelet separation, groat plumpness, 
and shattering have been associated with high protein concen­
tration in segregating interspecific populations (Campbell and 
Frey, 1972a; Lyrene and Shands, 1975a; Spidle et al., 1974). 
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The linkage between the high protein genes and the genes 
governing these seed traits can be broken; recombinant lines 
with elevated levels of protein and A. sativa seed traits were 
isolated from the populations (Campbell and Prey, 1972a; Iwig 
and Ohm, 1978). 
Pleiotropic effects of high protein genes derived from A. 
sterills germplasm may be a more serious problem to the plant 
breeder because it makes recombination nearly impossible. For 
example, shattering and small thin seeds are two A. sterills 
traits associated with high protein content. Reich and Brink-
man (1984) and Lyrene and Shands (1974) also reported that 
lines that shattered due to A. fatua genes or the fatuoid 
mutation often had 2-3 percent higher protein than non-shat­
tering lines from the same population. Premature shattering 
cuts off carbohydrate accumulation in the developing seed 
which may result in a higher percentage of protein relative to 
the carbohydrate fraction, but not a higher protein content. 
Likewise, the high protein concentrations found in small, thin 
groats may be due to a reduction in carbohydrate accumulation, 
rather than an increase in protein content per seed. Some of 
the high protein concentrations in A. sterills are probably 
due to the small size of the groats (Iwig and Ohm, 1978) . 
High protein concentrations due to small seeded genotypes is 
of little use to the breeder because of the marked effects on 
seed yield (Forsberg and Shands, 1989). Linkage and plieo-
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tropic effects may have delayed progress to some extent, but 
they did not prevent the successful introgression of high-
protein genes into A. sativa germplasm and the isolation of 
several adapted, high-protein lines with acceptable yields 
(Campbell and Frey, 1972b; Iwig and Ohm, 1978). 
The negative correlation between grain yield and protein 
content is not limited to shattering or small seeded oat geno­
types, but is found in all small grains. This nearly univer­
sal negative correlation between grain yield and protein 
content has been attributed to a number of factors, but most 
of the hypotheses are related to the biochemical limitations 
of protein and carbohydrate synthesis, or to source sink 
relationships. 
Plants require considerably more photosynthate for the 
synthesis of protein than carbohydrates. Penning de Vries et 
al. (1974) estimated that plants can synthesize more than 
twice as much carbohydrate as protein from the same amount of 
energy. Thus, assuming a constant rate of glucose production, 
plants that produce more protein will produce less carbohy­
drate, resulting in an overall penalty in grain yield (Bhatia 
and Rabson, 1976). 
The relationship between harvest index and grain yield 
also plays a critical role in the association between grain 
yield and protein content (Kramer, 1979). Genetic improvement 
for grain yield in small grains has been accomplished, by and 
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large, not through increased biomass but through an increase 
in the harvest index; more grain is produced from the same 
sized plants (Feil, 1992). Increasing harvest index has a two 
fold effect - the source of nitrogen (from the straw) is 
decreased, and the amount of carbohydrate translocated to the 
grain is increased. The increased transfer of carbohydrates 
dilutes the already limited levels of protein in the grain. 
On the other hand, high protein lines may contain a high 
percentage of protein because of diminished carbohydrate 
translocation and grain yield (Paccaud et al., 1985). 
Competition for nitrogen between the grain and the leaves 
may also contribute to the negative correlation between pro­
tein concentration and grain yield (Takeda et al., 1979a). 
Leaf tissue requires nitrogen for photosynthesis and transport 
of carbohydrates to the grain, but the major source of nitro­
gen for protein synthesis in the grain is this same nitrogen 
remobilized from the leaf. A high harvest index indicates 
long post-anthesis photosynthetic activity, resulting in the 
production of more carbohydrates and the availability of less 
nitrogen for transport to the grain. 
Kibite and Evans (1984) summarized the basic relationship 
between grain yield and protein content. Grain yield is the 
product of seed weight and seed number per plant, and improve­
ment in grain yield is brought about by increases in carbohy­
drate assimilation. Protein content, however, is a concentra-
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tion trait - the ratio of amino acids to total grain weight. 
The negative correlation between yield and protein content, 
then, is a result of the dépendance of both traits on the same 
primary character with opposite effects. The low protein 
concentration of high yielding lines is due to a limited 
nitrogen supply being deposited to a larger number of seeds, 
or being diluted by an increase in the carbohydrate content 
per seed. A clear example of this relationship can be seen 
when the low-protein, high-yielding oat cultivar 'Orbit' is 
compared to the high-protein cultivar 'Dal'. Groat N contents 
in two cultivars were similar, but Orbit accumulated more non­
structural carbohydrates after anthesis than Dal (Cataldo et 
al., 1975). 
Although these biochemical and source/sink relationships 
are real, they do not necessarily preclude the isolation of 
lines improved for both protein concentration and grain yield. 
Protein and carbohydrate content in the grain can be increased 
simultaneously if the total supply of photosynthate supplied 
to the grain is also increased. The bioenergetic requirements 
for increased photosynthate can be met by increasing the rate 
of photosynthesis, expanding the leaf area of a plant, extend­
ing the period of active photosynthesis, or maximizing the 
remobilization of reserves to the grain (Bhatia and Rabson, 
1976) . Increasing the growth rate of the plant would produce 
more biomass during the life cycle of the plant, providing 
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more photosynthate during the plants life cycle (Tak-eda and 
Frey, 1976) . The low straw yields of high harvest index lines 
may limit N reserves, but cultivars can compensate for this 
through higher N concentrations in the vegetative tissue 
(Feil, 1992). 
In addition, the literature is abundant with examples 
where the improvement in one trait did not penalize the per­
formance of the other. The research on introgression of A. 
sterilis protein genes into A. sativa almost always resulted 
in the isolation of a few high protein lines with grain yields 
either higher than, or the same as, the A. sativa parents or 
check cultivars (Iwig and Ohm, 1978; Sraon et al., 1975; Cox 
and Frey, 1985). Frey (1976) was able to isolate lines con­
taining A. sterilis germplasm that were significantly higher 
yielding than either parent, but without reduced protein 
concentration. The correlations between protein concentration 
and grain yield are usually negative but moderate, indicating 
that lines with both high grain yield and protein concentra­
tion are present in many populations. 
Frey (1973) demonstrated that the often reported negative 
correlations between grain yield and protein concentration may 
be the result of limited soil nitrogen. He grew 60 oat lines 
in soil that was limiting in N and in soil that was abundant 
in N. The genetic correlation under the limiting regime was -
0.26*, while the correlation under the non-limiting regime was 
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0.04. Kibite and Evans (1984) also concluded that the corre­
lation between grain yield and protein content was due to 
environmental effects, as well as source/sink relationships. 
They noted that, 1) the correlation between grain yield and 
protein concentration among plants within a single homozygous 
and homogeneous genotype was often larger than the correlation 
within heterogenous populations, and 2) the phenotypic and 
environmental correlations between protein concentration and 
grain yield were almost always significant but the genotypic 
correlations within the same populations were rarely signifi­
cant. 
Kuenzel and Frey (1985) noted that the literature con­
tained several reports of neutral or even positive correla­
tions between grain yield and protein concentration in oat and 
wheat. They felt it should be possible to exploit the genetic 
variation for both grain yield and protein concentration to 
improve protein yield. They analyzed populations of F2-de-
rived lines from 27 matings among a diverse group of high-
yield or high-protein parents. Grain yield and protein con­
centration were not significantly correlated in five of the 
matings, and several other matings with significant negative 
correlations contained low frequencies of lines with high 
grain yield and protein content. Their data demonstrate that 
the negative correlation between grain yield and protein 
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content can be overcome through the proper choice of germ-
plasm. 
Selection criteria and procedures 
Given the negative correlation between grain yield and 
protein concentration in oat under most environmental condi­
tions, direct phenotypic selection for protein concentration 
will almost always produce an unacceptable decrease in grain 
yield (Miller and Fehr, 1979; Loffler and Busch, 1982; Loffler 
et al., 1983; Ross et al., 1981; Holbrook et al., 1989) Thus, 
breeders have actively sought a selection criteria or regime 
that will improve both protein concentration and yield or at 
least hold one of them to an acceptable level. 
One approach is to select genotypes based on biochemical 
characteristics. For example, nitrate reductase activity in 
wheat leaves was positively correlated with the grain yield of 
'Arthur' at different N levels in the soil (Eilrich and Hage-
mann, 1973) , with the protein concentrations of 18 different 
winter wheat cultivars (Eilrich, 1968) and with total plant N 
content (Eilrich and Hagemann, 1973). Significant genetic 
variation was detected for nitrate reductase activity which 
led several workers to advocate evaluation of nitrate reduc­
tase activity in the seedlings as a predictor of cross value, 
and as a possible method for the simultaneous improvement of 
grain yield and protein concentration. However, seasonal 
variation in nitrate reductase activity caused severe fluctua-
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tions in the correlations and made selection of individual 
lines ineffective (Deckard and Busch, 1978). 
More recently Brunori et al. (1984), working with wheat, 
proposed selecting genotypes based on the rate and duration of 
protein accumulation in the developing grain. Some high 
protein wheat genotypes accumulate protein rapidly for a short 
period of time, while others accumulate protein at a slower 
rate over a longer period of time, while still others have 
both rapid and long periods of protein accumulation during 
seed development. Peterson et al. (1975) has also noted dif­
ferences in rates and durations of protein accumulation among 
oat cultivars with differing protein concentrations. The 
strategy outlined in the proposal is to use genotypes with 
superior N kinetics as donors to high yielding lines to pro­
duce high-yielding, high-protein lines. 
A second approach is to analyze various components of 
grain yield and protein concentration and select genotypes 
based on those components, or combination of components, that 
are expected to produce favorable correlated responses in both 
grain yield and protein content (McMullan et al., 1988). 
Grain yield can be described in terms of dry matter produc­
tion, through growth rate, growth duration, and harvest index 
(Takeda et al., 1979b). Grain-protein concentrations are the 
result of pre-anthesis N uptake, post-anthesis uptake, and 
translocation of N from the vegetative tissue to the grain 
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(Cox et al., 1985a, 1985b, 1986). Both high yielding and high 
protein lines have been characterized by more efficient N 
utilization in one or more of these components (Peterson et 
al., 1975). 
Several selection criteria based on these components have 
been proposed over the last three decades including nitrogen 
harvest index-NHI (Fawcett and Prey, 1983; Loffier and Busch, 
1982; Wells and Kofoid, 1986), "excess N" (the summation of N 
translocation efficiency and excess post-anthesis N uptake. 
Cox et al., 1986), and "N utilization frequencies for protein 
- NUEP" (VanSanford and MacKown, 1986, 1987). The literature 
is divided on the effectiveness of these selection criteria. 
For example, some reports have shown increases in both grain 
yield and protein concentration in certain populations after 
selection for NHI (Loffler and Busch, 1982), while others have 
associated high NHI with high grain yield but low protein 
concentration (Dubois and Fossati, 1981). May et al. (1991) 
evaluated three populations of inbred lines derived from hard 
red winter by soft red winter crosses and found significant 
negative correlations between grain protein concentration and 
NHI, total plant N, and NUEP. All traits related to N use 
varied widely from year to year indicating strong environmen­
tal effects on N use components. They concluded that N parti­
tioning and N use parameters are difficult to measure accu­
rately and would be difficult to modify in a breeding program. 
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Furthermore, the various components of N use and protein 
concentrations can compensate for changes in only one of the 
components, making it difficult to predict the overall impact 
of selection for only one process (Jackson et al., 1978). 
A more fruitful approach may be to employ simultaneous 
section for both grain yield and protein concentration in some 
type of multitrait selection procedure. Selection for protein 
yield is a simple method that includes both grain yield and 
protein concentration in the selection criterion. The genetic 
rational of selecting for protein yield is based on the high 
positive correlations between protein yield and grain yield, 
combined with the low, usually non-significant correlations 
between protein yield and grain protein concentration (al­
though some small yet significant correlations have been 
observed: see Bhatia, 1975; Takeda and Prey, 1979). In gener­
al, the genetic correlations among these traits indicate that 
selection for protein yield will increase grain yield nearly 
as much as direct selection, and hold average protein concen­
trations at a constant level. Takeda and Frey (1985) reported 
that simulated selection for protein yield in oat increased 
grain yield nearly as much as direct selection, although 
protein concentrations decreased slightly. Selection for 
protein yield increased both grain yield and protein concen­
trations in wheat (McNeal et al., 1982), and increased grain 
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yield and held protein concentrations constant in oat (Mc-
Ferson and Frey, 1990). 
Takeda and Frey (1985) investigated the use of indepen­
dent culling as a strategy to select for the best combination 
of grain yield and protein concentrations that would maximize 
improvement of protein yield in oat. They found that mild 
selection for protein concentrations (25-50%) and stringent 
selection for grain yield (2-4%) would improve all three 
traits, or at least hold protein concentration constant while 
improving grain and protein yields. Their recommendations for 
practical breeding programs, however, resembled a modified 
form of tandem selection. The entire population of F3 lines 
would be grown in microplots and mildly selected for protein. 
Half of the population would be advanced to the next genera­
tion and grown in larger plots with more replications to 
select stringently for grain yield. 
Tandem selection may be ineffective for the improvement 
of protein concentration or protein yield. Several theoreti­
cal studies have shown that tandem selection is less efficient 
than independent culling or selection index procedures under a 
wide range of genetic assumptions (Hazel and Lush, 1942; 
Pesek, 1981). Furthermore, gains in protein concentration 
will be, at least in part, due to decreased carbohydrate 
deposition in the seed; conversely, gains in yield will be due 
to increased carbohydrate accumulation in the seeds. These 
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offsetting effects of selection would negate the combined 
improvement for grain yield and protein concentration under 
tandem selection (Forsberg and Shands, 1989). 
Selection indices are another effective method of simul­
taneous multitrait selection. Wells and Kofoid (1986) calcu­
lated seven different indices and compared the predicted gains 
in grain yield, protein concentration and plant height within 
a random mating population of wheat. The most appropriate 
index depended on the breeding objectives, but a desired gains 
index produced favorable predicted gains for all three traits. 
St. Martin et al. (1982) evaluated restricted selection indi­
ces for increasing grain yield in an opaque-2 population of 
maize while holding kernel hardness, protein content, protein 
quality, and moisture content constant. Several indices 
produced acceptable predicted gains, and the final choice of 
index would probably be based on subjective judgements and 
practical considerations. They observed that comparisons of 
predicted gains can be unreliable because of large errors 
associated with the estimates. 
In actual selection experiments, Kauffman and Dudley 
(1979) in maize and Sullivan and Bliss (1982) in common beans 
were able to improve both grain yield and protein concentra­
tion through a desired gains index. Holbrook et al. (1989) 
successfully improved yield in soybeans while holding protein 
at a constant level through the use of a restricted index. 
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Openshaw and Hadley (1984) tested several types of indexes for 
improvement of oil and protein in soybean. While most indices 
improved both oil and protein, the most effective "index" was 
the simple summation of oil plus protein contents. 
In summary, although several different criteria have been 
proposed to simultaneously manipulate yield and protein con­
centrations in small grains, the most promising results have 
been obtained through direct and simultaneous selection for 
the traits of interest. Physiological or biochemical parame­
ters are difficult to measure accurately on a scale required 
in most breeding programs, and compensation among N use compo­
nents can make selection for only one component ineffective. 
Breeding methods 
Given the economic importance of protein content in small 
grains, and the complex trait relationships with grain yield, 
it is no surprise that many selection "schemes" have been 
proposed to improve this trait. Similarly, breeders have 
proposed a number of breeding methods to manage populations 
during selection for high protein yield or concentration. 
The first efforts in the U.S. to improve protein content 
of oat began at the Wisconsin research station in 1965 (Frey, 
1977) . They initiated a pedigree selection program using 
adapted A. sativa L. lines as parents, and have released 
several high protein lines such as 'Dal' and 'Goodland' 
(Shands et al., 1991a, 1991b). Other stations soon followed 
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Wisconsin's lead and also released several high protein lines. 
The improved cultivars have since been used as parents to 
produce newer high protein cultivars (eg. 'Proat' from the 
Minnesota program, Stuthman et al., 1987) in the classical 
pattern of second-cycle breeding. 
Jalani and Prey (1979; Jalani et al., 1981) initiated a 
mutation breeding program to produce new high protein lines. 
They treated a total of 800 plants from 11 different cultivars 
and after extensive evaluation were successful at isolating 
four lines from the mutation derived populations with in­
creased groat protein concentrations. These four lines were 
all low in grain yield. Outcrossing the mutation derived 
populations did not improve the chances of isolating a high-
protein high-yielding line (Jalani et al., 1981). The authors 
concluded that mutation breeding was not an effective method 
for improving protein concentration or protein yield in oat. 
Backcrossing is a breeding method that was designed to 
introduce simply inherited traits into adapted cultivars. 
However, a form of backcrossing can be used for quantitative 
traits, such as protein concentration, if the donor parent 
shows an extreme phenotype and the number of backcrosses are 
limited to avoid severe dilution of the introduced genes 
(Fehr, 1987). Wehrmann et al. (1987) evaluated a backcrossing 
program in soybean to improve the protein content of high 
yielding soybean cultivars. The donor parent was the extreme­
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ly low-yielding, but high-protein line 'Pando'. They back-
crossed Pando to three high yielding cultivars and selected 
for protein concentration between each backcross. They found 
that while none of the BCjFj lines equaled Pando's protein 
concentration, 72% of the lines were significantly higher than 
the recurrent parent, and 19% of those high-protein lines were 
not significantly different from the recurrent parent for 
grain yield. Mattson (198 6) reported on a backcrossing pro­
gram to improve protein concentration of the typically low-
protein oat cultivars in Europe. He was able to transfer high 
protein genes from the U. S. cultivars (i.e., Otee) to the 
high yielding Swedish cultivars in backcross programs. They 
then re-selected within the backcross generations for high 
grain yield, but had a difficult time retaining high protein 
concentrations in the higher yielding lines. He concluded 
that a successful program would require considerable efforts 
and resources to retain acceptable grain yields and improve 
the lines for protein content. 
Since protein content has a fairly high heritability, 
selection in the early generations should be effective. 
Several studies in wheat have shown that selection for protein 
concentration among F3 lines was effective in improving the 
protein concentrations in the advanced generations (Lebsock et 
al., 1964; McNeal et al., 1982; Guthrie et al., 1984). Aver­
age grain yield of the high-protein lines usually was lower 
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than the low-protein or randomly selected lines. Most of the 
early generation testing programs were successful in isolating 
agronomically acceptable, high yielding and high-protein 
lines. In contrast, Legge et al. (1991) were not as success­
ful in their early generation tests in wheat. The high-, 
intermediate-, and low-protein groups in the F4 (based on 
evaluation in the F3) showed the correct trends for protein 
concentration, but the differences were not always significant 
nor very large. They concluded the moderate success was not 
sufficient to expend the extra resources for the early genera­
tion testing program, and attributed the failure to genotype 
by environment interactions. Sebern and Lambert (1984) ob­
tained similar results in soybean. 
Forsberg and Shands (1989) proposed a method called 
concurrent reciprocal selection. Two selection programs are 
conducted: one program selects primarily for yield, disease 
resistance, and stiff straw, with secondary emphasis on pro­
tein concentration, while a second program selects primarily 
for protein concentration with secondary emphasis on yield, 
disease resistance, and stiff straw. Elite lines from each 
population are used as parents to form segregating populations 
for selection of favorable recombinants combining the desir­
able attributes of both programs. 
Recurrent selection is a breeding method designed to 
improve broad genetic based populations (Hallauer, 1985). 
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This method is conducted in a cyclic fashion - development of 
progenies, evaluation of progenies in replicated field tests, 
and intermating of selected progenies to form a new population 
for evaluation. The underlying goal is to increase the fre­
quency of favorable alleles in the population and thereby 
improve the chance of isolating superior inbred lines from the 
population. The structure of the selection criteria and 
mating designs maximize recombination among lines carrying 
favorable alleles, thus improving the mean of the population 
while maintaining the genetic variance at a level that will 
insure continued progress. 
Multitrait selection criteria such as independent culling 
and index selection are easily incorporated into any recurrent 
selection program. Stringent selection for one trait may 
produce an unfavorable correlated response in other agronomic 
traits due to linkage, pleiotropy, or genetic drift (Hallauer 
and Miranda, 1981; Lamkey, 1992). 
The effectiveness of recurrent selection for improvement 
of protein concentration in self pollinated crops is evident 
in the literature. However, as expected, direct selection for 
protein concentration usually produced an undesirable decrease 
in grain yield and little change in protein yield. Loffler et 
al. (1983) increased the average protein concentration of 
inbred lines in a wheat population by 1 percentage point (from 
19.4 to 20.4%) after two cycles of selection among Fg fami­
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lies. Grain yield in the cycle two population was signifi­
cantly lower than the cycle 0. Likewise, McNeal et al. (1978) 
improved protein concentration in several crosses of wheat 
after 2 cycles of selection among Fg families, but grain yield 
decreased in most of the crosses resulting in no net change in 
protein yield. Three of the nine crosses they evaluated did 
not show significant decreases in grain yield. 
Similar results were obtained after two cycles of 
selection (Ross et al., 1981) and four cycles of mass selec­
tion (Ross et al., 1985) in the random mating sorghum popula­
tion NP7BR. Cycle 2 populations from the Sj program and cycle 
4 populations from the mass selection program were higher in 
protein but lower in yield resulting in no change in protein 
yield. 
Recurrent selection for protein has also been effective 
in soybean. Brim and Burton (1979) reported increases in pro­
tein concentration of about 0.3 and 0.6 percentage points per 
cycle in two separate populations after 5 or 6 cycles of S^-
recurrent selection. Both grain yield and protein yield de­
creased with selection. Miller and Fehr (1979) reported that 
two cycles of recurrent selection improved protein concentra­
tions from 43.1% to 44.6% protein. They also observed unde­
sirable correlated responses for maturity. Holbrook et al. 
(1989) were able to increase yield and hold protein concentra­
tion constant by using a restricted index for two cycles of 
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Sj-recurrent selection. Cycle 2 parents yielded 171 kg/ha 
more grain and 93 kg/ha more protein than the cycle 0 parents. 
Delaney and Bliss (1991a) reported that phaseolin concen­
tration in dry bean was increased by 1 percentage point per 
cycle through S^-recurrent selection. They observed no change 
in maturity, seed weight or seed yield. In a companion re­
port, Delaney and Bliss (1991b) monitored the allelic fre­
quency of six loci which have known effects on phaseolin 
accumulation in seeds. selection was effective at increas­
ing the frequencies of all the favorable alleles except one, 
and decreasing the frequencies of the deleterious alleles, 
even eliminating one allele with a major undesirable effect 
from the population. 
Recurrent selection has been used in oat to improve 
several different traits. Khadr and Frey (1965) improved seed 
weight through two cycles of recurrent selection. Branson 
and Frey (1989) improved oil content of oat by 9.86 g/kg per 
cycle (11% per cycle) through three cycles of phenotypic 
recurrent selection. Schipper and Frey (1991) extended the 
program another three cycles and have produced a cycle 6 
population with an average of 13.1% oil; almost 4 percentage 
points above the cycle 0 population. Klein and Frey (1993) 
have used family selection to improve the test weight of a 
broad-based elite oat population and to simultaneously improve 
test weight and grain yield through the use of a Smith-Hazel 
selection index. Stuthman (1988) summarized the data collect­
ed from the recurrent selection program for grain yield in oat 
conducted at the Minnesota breeding station. Several evalua­
tion programs have been conducted and the genetic gain per 
cycle has ranged from 1.9% to 11%, with the highest estimates 
coming from evaluation tests conducted at the site of selec­
tion. They have also observed unfavorable correlated respons­
es for heading date and height. 
The successful employment of recurrent selection in oat, 
and the broad genetic resources for high protein concentration 
in oat germplasm motivated McFerson and Frey (1990, 1991, 
1992) to conduct an S^-recurrent selection program to improve 
protein yield in oat (Frey, 1988). The parents for the ini­
tial population were selected from bi-parental populations 
evaluated by Kuenzel and Frey (1985). Grain yield and protein 
concentration were not significantly correlated in these 
populations. They conducted three cycles of selection within 
three different lines of descent. All three lines of descent 
selected for protein yield, but each one emphasized different 
combinations of the protein and yield components. In the HGP 
line of descent, they selected for protein yield per se. In 
the HG and HP lines of descent they selected for protein yield 
through an emphasis on grain yield, or a combination of grain 
yield and protein concentration, respectively. 
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Groat-protein yield increased 21 kg/ha per cycle in HG 
and HGP and 27 kg/ha per cycle in HP. Grain yield also in­
creased in all three lines of descent with HG showing the 
greatest gain (147 kg/ha) and HP the least amount of gain (95 
kg/ha). Groat-protein concentrations were increased in the HP 
(3.1 g/kg), decreased in the HG (1.5 g/kg) and remained un­
changed in the HGP. Selection also caused increases in total 
above ground plant weight, harvest index, growth rate, and 
seed number in all lines of descent. Unfavorable decreases in 
groat percentage and test weight were observed in HP and HGP. 
Genetic variances of the primary traits indicated that further 
genetic progress for protein yield was possible in all three 
lines of descent. Thus, Sj-recurrent selection was an effec­
tive method for the improvement of protein yield, grain yield 
and protein concentration in these three oat populations. The 
study also demonstrates that the two components of protein 
yield can be manipulated to match appropriate breeding objec­
tives regarding grain yield and protein concentrations. 
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PAPER I. EFFECTS OF Sj-RECURRENT SELECTION FOR PROTEIN YIELD 
ON GROAT-PROTEIN YIELD, GROAT YIELD, AND GROAT-
PROTEIN CONCENTRATION IN OAT 
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ABSTRACT 
The objectives of this study were to evaluate the effec­
tiveness of Sj-recurrent selection for increasing groat-pro­
tein yield (GPY) in oat (Avena sativa L.), and to compare the 
effects of three different selection strategies on correlated 
responses in groat yield and groat-protein concentration. 
Three separate Sj-recurrent selection programs were conducted 
for five cycles of selection. The selection criteria in each 
program (line of descent) emphasized different components of 
protein yield; high grain yield in HG, both high grain yield 
and high groat-protein concentration in HP, and protein yield 
per se in HGP. Thirty to sixty random Sg-derived lines from 
each cycle and ten check lines were grown in hill plot experi­
ments at two locations in 1989 to estimate the response to 
selection from CO to 05. Groat-protein yield increased by an 
average of 2.2% per cycle in HGP, 4.4% per cycle in HG, and 
3.4% per cycle in HP. HG showed the greatest rate of gain in 
groat yield (7% per cycle) followed by HGP (3% per cycle) then 
HP (about 1% per cycle), Mean groat yield in the 05 popula­
tions of HP and HGP were equal to and HG was greater than high 
yielding commercial cultivars. HP showed a significant in­
crease in groat-protein concentration from 20.2 to 21.8%. HGP 
showed a small decline from 2 0.0 to 19.2%, while HG showed a 
large decrease from 19.3 to 17.5% protein. The 05 population 
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of HP offers a unique combination of high groat yield and high 
groat-protein concentration. Genotypic variance estimates for 
groat-protein yield, groat yield, and groat-protein concentra­
tion were not always significant and did not show any consis­
tent change from CO to C5. These results show that S^-recur-
rent selection is an effective and flexible method for in­
creasing groat-protein yield of oat, and that both groat yield 
and groat-protein concentration can be improved simultaneously 
with the proper selection criteria and germplasm. This selec­
tion protocol can be integrated easily into most small grains 
breeding programs and is an efficient method for producing 
improved germplasm for further cultivar development. 
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INTRODUCTION 
Oat breeders began efforts to increase protein concentra­
tion in oat (Avena sativa L.) groats (caryopsis) in the mid-
1960s, and have subsequently produced several high-protein 
cultivars, e.g. Dal, Goodland (Shands at al., 1991a, 1991b), 
Proat (Stuthman et al., 1987), and Otee (Brown and Jedlinski, 
1973) . The initial approach for improving protein content was 
to cross elite and adapted A. sativa lines and cultivars and 
conduct pedigree selection among the progeny (Youngs and 
Forsberg, 1987). The discovery of protein concentrations as 
high as 35% in the wild oat, A. sterilis, (Ohm and Patterson, 
1973; Campbell and Prey, 1972; Prey et al., 1975) stimulated 
intense interest for the introgression of high-protein genes 
from this species into the cultivated oat gene pool. Cox and 
Prey (1985) showed that some of the high-protein genes in A. 
sterilis were different from and complementary to those in A. 
sativa and represented a potential source of unique alleles 
for increasing groat-protein content in oat. However, oat 
breeders hesitated to use these genes in their breeding pro­
grams because their introgression from A. sterilis necessitat­
ed the introduction of undesirable genes as well. 
Recurrent selection is a long-term breeding method that 
is well suited to the improvement of quantitatively inherited 
traits in broad-based gene pools, including germplasm from 
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exotic and unadapted sources. This procedure, which is cy­
clic, involves three steps - development of progenies, evalua­
tion of progenies, and intermating of selected progenies to 
form a new population (Hallauer, 1985). The underlying goal 
of recurrent selection is to increase the frequency of favor­
able alleles in the population and thereby improve the chance 
of isolating superior recombinant inbred lines. The structure 
of the mating design maximizes recombination among lines 
carrying favorable alleles, thus improving the mean of the 
population while maintaining the genetic variance at a level 
that will insure continued progress. 
Breeding programs have used recurrent selection to im­
prove protein concentration in wheat {Triticum aestivum L.) 
(Loffler et al., 1983; NcNeal et al., 1978), soybean {Glycine 
max L. Merr.) (Brim and Burton, 1979; Miller anf Fehr, 1979), 
and sorghum (Sorghum bicolor (L.) Moench.) (Ross et al., 1981; 
Ross et al., 1985). However, these studies have shown that 
selection for high grain protein concentration usually results 
in a decrease in grain yield. Strong negative correlations 
between grain yield and protein content exist in all cereals, 
including oat (Frey, 1977; Bhatia and Rabson, 1987; Takeda and 
Prey, 1979). To circumvent the reduction in either yield or 
protein concentration when the other trait is selected in­
tensely, it has been suggested that breeders should select for 
protein yield (Bhatia, 1975). Protein yield is highly corre­
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lated with grain yield and is independent of, or slightly 
negatively associated with, protein percent (Takeda and Prey, 
1979) . Thus, selection for protein yield can improve grain 
yield and hold protein concentration nearly constant (Takeda 
and Frey, 1985). Generally, increased protein yield is real­
ized through increased grain yield, but Kuenzel and Frey 
(1985) demonstrated that increased protein content also can 
contribute to a genetic gain in protein yield if the proper 
germplasm criteria are used. 
McFerson and Frey (1990) initiated three recurrent selec­
tion programs (lines of descent) for increasing protein yield 
of oat. They selected for protein yield per se (HGP) in one 
line of descent, for protein yield caused by high grain yield 
(HG) in a second, and for protein yield caused by both high 
grain yield and high protein concentration (HP) in a third. 
Each strategy improved groat-protein yield by 5% per cycle 
over three cycles of selection. All strategies improved groat 
yield, but HG showed the greatest rate of gain for this trait. 
Groat-protein concentrations were increased, held constant, 
and slightly decreased in the HP, HGP, and HG, respectively. 
In my study, the recurrent selection strategies were 
continued for two more cycles and their effectiveness evaluat­
ed over five cycles of selection. Specifically the objectives 
were to: 
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1) determine the effectiveness of Sj-recurrent selection 
for increasing groat-protein yield in oat, and 
2) compare the three lines of descent for their response 
in groat-protein yield, groat yield, and groat-protein concen­
tration. 
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MATERIALS AND METHODS 
Population formation and selection procedures; Kuenzel 
and Frey (1985) provided the source of germplasm to initiate 
this study. They used ten high-protein and four high-grain 
yield lines as parents, made 27 matings between the two 
groups, and evaluated from 27 to 90 Fj-derived lines per 
mating. These lines served as the cycle 0 (CO) population 
from which lines were chosen as parents for CI. 
McFerson and Frey (1990) initiated three selection strat­
egies (lines of descent) with oat lines from the CO popula­
tion. The HP line of descent was initiated with five Fg-
derived lines that had high groat-protein yield due to both 
high groat-protein concentration and high grain yield. The HG 
line of descent was initiated with five lines that had high 
groat-protein yield due to high grain yield. The HGP line of 
descent was initiated by combining all ten lines used as 
parents for HG and HP. The random lines chosen to represent 
the CO for a line of descent were chosen only from the matings 
that contributed the CI parents to that line of descent. 
In 1982, the CI parents of the HG and HP lines of descent 
were crossed in a diallel of single crosses and the single 
crosses were mated into a set of random double crosses to form 
the CI populations. In HGP, the five HG parents and the five 
HP parents were crossed in a design II mating format to give 
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25 single crosses, and the single crosses were intermated 
randomly to give double crosses. Each line of descent con­
tained 75 double crosses and each double cross was represented 
by five Sq plants. This gave a total of 375 Sq seeds per line 
of descent. In winter 1982-83, the Sq seeds were planted in 
the greenhouse to produce Sq^  lines for field evaluation. 
Three hundred Sgj lines were produced for HP and HGP and 285 
for HG. 
The Sq  J  lines and CI parents plus 10 checks were grown in 
three selection experiments, one for each line of descent, in 
summer 1983. A plot was a hill sown with 20 seeds and hills 
were spaced 30.5 cm apart in perpendicular directions. The 
experiment was a randomized complete block design with three 
replications at two locations. Two rows of hills were planted 
around each replication to provide competition for the periph­
eral plots. The test sites were the Agronomy Field Research 
Center near Ames, Iowa, and the Northern Research Center near 
Kanawha, Iowa. Soil types were Nicollate silty loam at Ames, 
and Webster silty clay at Kanawha. Fertilizer rates of nitro-
gen-phosphorus-potassium were 34-22-19 kg ha"^ at Ames and 52-
3-6 kg ha"^ at Kanawha. At the flag leaf stage, 11 kg ha'^ N 
was applied at both sites. A systemic fungicide was applied 
to the plants at heading to control crown rust and other 
foliar diseases. 
Five traits were measured: 
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- Heading date (HD) (d); the number of days after 
planting when half of the panicles are completely emerged 
from the boot. HD was measured on a plot basis on all 
replications at Ames. 
- Plant height (HT) (cm); distance from the ground 
to the tips of the panicles. HT was measured on a plot 
basis on all replications at Ames. 
- Grain yield (GY) (Mg ha"^) ; dry weight of threshed 
grain. GY was measured on a plot basis in all replica­
tions at both Ames and Kanawha. 
- Groat-protein concentration (GPC) (g/kg); seed 
from all six replications were combined into one seed 
lot. A lOg sample of seed from the bulk was dehulled and 
the groats were analyzed for N content. N analyses were 
made using a Neo-Tec Model 41 near infra-red analyzer. 
GPC was estimated by multiplying N concentrations by 
6.25. 
- Protein yield (PY) (Mg ha'^) ; calculated as mean 
GY X GPC. 
Selection of C2 parents resembled an independent culling 
procedure with the selection criteria emphasizing different 
components of protein yield in each line of descent. In HP, 
50 lines were selected on the basis of high PY. Next, the 50 
high-PY lines were evaluated for GY and GPC, and 20 of them 
with high PY due to both high GY and high GPC were chosen. 
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The basis for evaluation of the 50 Sq i  lines was their devia­
tion from the average GY and GPC of the four parents used to 
make the double cross - lines with a positive deviation from 
the average parental value for both GY and GPC were selected. 
A similar procedure was used in HG, except that the final 
selection of the 2 0 parents from the set of 50 high-PY lines 
was based on a high deviation from the average of the parents 
for GY only. In HGP, 20 lines with high PY per se were se­
lected. 
Heading date and height were restricted in each line of 
descent; the means for HD and HT of the 2 0 selected lines 
could be no greater than the means of these traits for the 
population. Thus, the 2 0 lines chosen as parents for C2 were 
not necessarily the very highest PY lines because of this 
restriction. 
The 2 0 C2 parents from each line of descent were planted 
in the greenhouse in September of 1983 for intermating. Each 
parent was mated to five other parents as a male and five 
other parents as a female via a partial circulant diallel. A 
total of 100 crosses were made for each population and four S q  
seeds were produced per cross. The 400 Sg seeds per line of 
descent were planted in the greenhouse in December of 1983 to 
produce Sg ^  lines. Three of the four Sqj lines from a cross 
were randomly selected for the C2 selection experiment. 
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The C2 selection experiments were grown in summer 1984, 
with experimental design, locations, and traits measured being 
the same as for the CI selection experiment. Each experiment 
contained 3 00 Sqj lines from C2, the 2 0 C2 parents (in the 
S02) f and 10 checks. Selection protocols were the same as for 
CI except that the bases for selection was the mid-parental 
value of the two immediate parents of each line. Intermating 
and Sg plant growout to produce the C3 population took place 
in the fall of 1984 and the winter of 1984-85. 
McFerson and Frey (1990, 1991, 1992) evaluated the prog­
ress from three cycles of selection in summer 1985. The 300 
Sqj lines from C3 and the 20 C3 parents were included as part 
of their evaluation experiment. The experimental design, 
locations, and trait measurements were similar to the CI and 
C2 selection experiments, except that GPC and PY were measured 
from two bulk seed lots (one from each location) rather than 
on one bulk from all six replications. 
Twenty C4 parents per line of descent were chosen from 
the C3 populations. Selection criteria (based on entry means 
for GY, GPY and PY) were the same as in previous cycles. The 
parents were intermated in fall 1987, and 300 Sg j lines were 
produced in winter 1987-88. Cloudy weather and disease prob­
lems during intermating reduced seed set on some matings and 
delayed other matings. Sq plants from matings at normal and 
delayed dates were handled as two separate groups of lines for 
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growouts. All crosses were not equally represented by three 
Sqi lines per cross in the C4 population, but the C4 popula­
tion included approximately equal proportions of all parents. 
The two groups in a line of descent were handled sepa­
rately in the C4 selection experiments in 1988. Group A 
(which included 194, 252, and 218 lines from HGP, HG and HP, 
respectively) contained the Sgi lines from crosses that were 
made at the normal date and Group B (which included 105, 51, 
and 82 lines from HGP, HG, and HP, respectively) contained the 
lines from the delayed matings. The group A and B experiments 
contained a common set of 10 checks. Group A experiments were 
sown on April 19 and group B experiments were sown on April 29 
at both Ames and Kanawha. The fertility regime was similar as 
for previous cycles except that no N was applied at the flag 
leaf stage. HD, HT, GY, GPC, and PY were measured as in the 
CI and C2 selection experiments. 
The selection procedures were modified slightly to obtain 
C5 parents. In HGP, 13 and 7 lines were selected from the 
group A and B experiments, respectively, on the basis of high 
PY per se. In HP, 45 and 15 lines were selected initially 
from groups A and B on the basis of high PY. These lines were 
then ranked for GPC and the 20 highest ranking lines for GPC 
were selected; 15 lines from Group A and 5 from Group B. A 
similar procedure was conducted for HG, except that the final 
20 selections were made on the basis of high rankings for GY, 
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instead of GPC; 17 were from Group A and 3 from Group B. HD 
and HT were restricted in all lines of descent as in CI 
through C3. 
The C5 parents were intermated in the greenhouse in fall 
1988, and the 300 Sq^  lines for C5 were produced in winter 
1988-89. 
Evaluation experiment; The effectiveness of the selec­
tion strategies from CO through C5 was evaluated in 1989. 
Thirty to sixty random lines from each cycle in each line of 
descent, along with ten checks (Table 1), were grown in 20-
seed hill plots in a randomized complete block experiment at 
three locations with two replications per location. The check 
lines were entered four times in each replication. One loca­
tion was abandoned due to herbicide damage. The two remaining 
test sites were the Ames location and the Northeast Research 
Center at Nashua, Iowa. The soil type at Nashua was a Kenyon 
readlyn loam. Planting dates were April 3 and April 13 at 
Ames and Nashua, respectively. Fertilizer rates of nitrogen-
phosphorus-potassium were 34-22-28 kg ha"^ at Ames and 45-0-0 
kg ha"^ at Nashua. A systematic fungicide was sprayed on the 
experiment at Nashua to preclude foliar disease. 
HD, HT, and GY were measured on a plot basis for each 
line as in the evaluation experiments from CI through C4 (HD 
and HT were measured at Ames only). 
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Table 1. Number and description of random and check lines 
entered in the 1989 evaluation experiment. 
Random lines Check lines 
Cycle No. Desc. Name Grain yield Protein content 
0 60 ^0.4 Don High Low 
1 30 ®0.3 Ogle High Low 
2 30 ®0.3 Sheldon High Moderate 
3 60 So.2 Hamilton High Moderate 
4 60 So.2 B605-1085 High Moderate 
5 60 ®0.1 Webster High Moderate 
Noble Moderate Moderate 
Preston Low High 
Proat Low High 
Diana Low High 
Next, the seed from the two replications of an entry at a 
location were bulked. This resulted in two bulk seed lots for 
each entry; one from each location. GPC was determined for 
each entry at each location. Five other traits were measured 
on the bulk seed lots; 
- Groat percent (GP) (%) determined by manually de-
hulling a random sample of about 50 seeds and dividing 
the groat weight by total seed weight. 
- Groat yield (GTY) (Mg ha"^) calculated by multiply­
ing mean GY at a location by GP. 
- Groat-protein yield (GPY) (kg ha"^) calculated by 
multiplying GTY by GPC. 
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- Seed weight (SDWT) (g) weight of 100 randomly se­
lected seeds. 
- Test weight (TWT) (kg m"^) weight of a fixed volume 
of grain. Test weight was measured in a container with a 
volume of 78 ml (Klein and Frey, 1993). 
Statistical analysis of evaluation experiment; An analy­
sis of variance was conducted on two subsets of this data. 
First, the data for the checks were analyzed. Entries were 
considered fixed and locations random. Each check was entered 
in the experiment four times; for traits measured on bulk seed 
lots, each bulk was considered as one replication, resulting 
in four replications within each location. Fisher's protected 
L.S.D. was calculated to compare cultivar means. 
Second, an analysis of variance for each trait was con­
ducted within each line of descent to test for significant 
differences among cycle means and among genotypes (entries) 
within cycles. Locations and entries were considered as 
random effects and cycles as fixed. An approximate F test 
(Satterthwaite, 1946) was used to test for differences among 
cycle means and Fisher's protected L.S.D. was used for planned 
comparisons of cycle means. The harmonic mean for the number 
of observations within cycles was used to calculate the L.S.D. 
Entries within cycle mean squares were tested against the 
location by entry within cycle mean squares for each cycle to 
test for significant genotypic variation. Location by entry 
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effects were tested against the error term. For traits mea­
sured on bulk seed lots (ie. one replication per location), 
the error term from the analysis of checks was used to test 
the location by entry within cycle mean square. 
Two additional L.S.D. values were calculated from these 
analyses. To compare cycle means with check means, the error 
mean square from the analysis of checks and the approximate 
mean square from the analysis of cycle means were divided by 
the appropriate number of observations and used to calculate a 
pooled standard error. The degrees of freedom for the error 
mean squares differed in the two analyses; the higher of the 
two possible t values was used for computing the L.S.D. A 
similar procedure was used to calculate an L.S.D. to compare 
individual lines from the populations with the checks, except 
that the error mean square for checks and the location by 
entry within cycles mean square for the population was used to 
calculate the standard error. 
Phenotypic and genotypic variance components within 
cycles were estimated by equating the observed mean squares 
with their expectations. Approximate 90% confidence intervals 
for variance components were estimated by the method of Bulmer 
(1957) . Estimates of broad-sense heritabilities were calcu­
lated on an entry mean square basis for each cycle within each 
line of descent as: 0~qI0\, where CT-q and ù~p equal genotypic 
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and phenotypic variance, respectively. Exact 90% confidence 
intervals were estimated by the method of Knapp et al. (1985). 
Regression analysis was conducted to estimate the re­
sponse of GPY, GTY and GPC to selection for protein yield. 
Entry means were regressed on cycle number to obtain estimates 
of the linear (jSl) and quadratic effects (jS2) . Significance 
of the regression coefficients was tested by partitioning the 
cycle sums of squares from the analysis of variance into 
linear, quadratic and deviations sums of squares, and testing 
the partitioned effects against the location by cycle mean 
square. Average change per cycle was estimated as j8l from the 
straight line model. 
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RESULTS 
Direct response - Groat-protein yield CGPY); Both loca­
tion and cycle effects for GPY were significant within all 
three lines of descent (analysis not shown). Location by 
cycle mean squares were non-significant in HGP and HP and 
significant but small in HG when compared to the cycle and 
location mean squares. Linear regression for GPY were signif­
icant in HP and HG. In HGP, the linear, quadratic, and devia­
tions effects all were significant, indicating a non-linear 
response in GPY over cycles. Genotype mean squares within 
cycles were significant for all three populations, but several 
of the individual cycles did not show significant genotypic 
variation for GPY. 
All three selection strategies increased mean GPY signif­
icantly (Fig. 1). HG gave the greatest rate of gain at 19 kg 
ha'^ per cycle. GPY increased by an average of 14 and 8 kg ha'^ 
per cycle in HP and HGP, respectively. The low rate of gain 
in HGP was due to a large decrease from C3 to C4. The cause 
of this decline is not clear: the C3 population was evaluated 
in 1985 which was a favorable year for thé GPY expression, and 
data from the 1985 evaluation experiment showed a high selec­
tion differential and a positive genetic variance for GPY 
which suggests that progress should have been possible. 
Fig. 1. Response of groat-protein yield to three Sq j recurrent selection strategies 
in oat. HGP, selection for protein yield per se; HG, selection for protein 
yield through high grain yield; HP, selection for protein yield through high 
grain yield and high protein content. Average rate of gain per cycle (/3l) 
for HGP (estimated from the straight line model) was 8 kg ha"^. 
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Mean GPY in CO of HG was 410 kg ha"^, which was signifi­
cantly lower than the CO mean GPY of both HGP and HP (463 and 
464 kg ha"^, respectively) . After five cycles of selectionmean 
GPY of HGP, HG and HP were 514, 501, and 544 kg ha'^, respec­
tively, representing increases of 51, 91, and 80 kg ha"^. Mean 
GPY of the three lines of descent were not significantly 
different fron one another in C5. 
All three selection strategies improved GPY of the high­
est GPY lines in all populations. The means for the 10% of 
lines with the highest GPY showed rates of gain that were 
similar to the population means. Linear regressions were 8, 
13 and 20 kg ha'^ cycle'^ for HGP, HP, and HG, respectively. 
Further, the highest GPY lines in C5 were greater than the 
highest CO lines in all three lines of descent (Fig. 2). 
The genetic variance for GPY did not decline from CO to 
C5 in HGP or HG (Table 2). In HP, significant genetic vari­
ance for GPY occurred in CO and C3, but not in C4 and C5, 
suggesting that the genetic variance in this population has 
been depleted. However, significant genetic gain in GPY 
occurred between C4 and C5 of HP which argues that significant 
genetic variation was present in the C4 of this line of de­
scent. Perhaps more accurate estimates of the genetic vari­
ance would have been obtained if the evaluation experiment 
contained more entries or replications. 
Fig. 2. Distributions of cycle-0 and cycle-5 oat lines for 
groat-protein yield within three Sq ^  recurrent selec 
tion programs. HGP, selection for protein yield per 
se; HG, selection for protein yield through high 
grain yield; HP, selection for protein yield through 
high grain yield and high protein content. 
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Table 2. Genotypic variances and heritabilities for groat-
protein yield in three lines of descent. 
Line of Genetic 
descent* Cycle variance^ Heritability 
0 73 (-85, 240) 19 (-24, 47) 
1 385 (185, 738) 70 (44, 84) 
2 74 (-112, 280) 24 (-41, 59) 
3 177 (28, 363) 40 (7, 61) 
4 113 (15, 233) 39 (6, 60) 
5 206 (63, 392) 45 (16, 65) 
0 46 (-68, 166) 17 (-28, 46) 
1 118 (-80, 362) 33 (-25, 64) 
2 114 (-41, 314) 38 (-16, 67) 
3 151 (31, 303) 42 (10, 62) 
4 -29 (-234, 149) -7 (-65, 30) 
5 350 (190, 580) 61 (41, 75) 
0 203 (41, 405) 42 (10, 62) 
1 -33 (-239, 119) -16 (-115, 38) 
2 217 (-85, 606) 37 (-17, 66) 
3 216 (78, 398) 49 (21, 67) 
4 2 (-127, 121) 1 (-53, 36) 
5 20 '-134, 167) 6 (-45, 39) 
^ HGP, selection for protein yield per se; HG, selection for 
protein yield through high grain yield; HP, selection for 
protein yield through high grain yield and high protein con­
tent. 
^ Multiply value in table by 10'^ to obtain actual variance. 
Our results agree with those of McFerson and Frey (1991) 
who reported gains for CO to C3 ranging from 4.3 to 5.5% per 
cycle. The rates of gain for the first three cycles in our 
evaluation ranged from 4.4% per cycle in HGP to 6.3% per 
cyclein HG. Significant genetic progress for GPY continued to 
be made in C4 and C5, especially in HG. The results are a bit 
more difficult to interpret for the last two cycles of selec­
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tion in HP and HGP because a decrease occurred in C4 of both 
lines of descent. Nevertheless, significant gains were made 
between C4 and C5 in both and the highest cycle mean in HP was 
in C5. 
The magnitudes of the gain from cycle to cycle appear to 
be similar for all lines of descent. For example, in all 
three lines of descent sizable gains occurred in CI, somewhat 
smaller gains occurred in C2, very major gains occurred in C3, 
and in C4 the gains were negative in HGP and HP. Thus, the 
variation in gains from cycle to cycle probably were affected 
by genotype by environment interaction. Increasing the number 
and diversity of locations for selection experiments might 
provide more uniform estimates of the true genetic values of 
the oat lines and might make selection more consistent over 
cycles. 
Indirect response - groat yield (GTY) and aroat protein 
concentration fGPC); Although GPY increased in all lines of 
descent, the three selection strategies produced diverse 
indirect effects on GTY and GPC (Fig. 3). In HGP, selection 
for GPY per-se caused a significant groat yield increase from 
2.32 to 2.69 MG ha"^, a 16% increase over 5 cycles. GPC de­
creased slightly from 200 to 192 g kg"^. Half of the decline 
in GPC occurred between CO and CI, and the C5 mean was not 
significantly different from the CI mean. 
Fig. 3. Response of groat yield and groat-protein concentration to three Sgj recur­
rent selection strategies in oat. HGP, selection for protein yield per se; 
HG, selection for protein yield through high grain yield; HP, selection for 
protein yield through high grain yield and high protein content. Average 
rate of gain per cycle (jSl) in groat-protein concentration for HP (estimated 
from the straight line model) was 8 kg ha'L 
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McFerson and Frey (1990) found that selection for GPY in 
HGP resulted in a 3% gain in GTY per cycle and no change in 
GPC. McNeal et al. (1982) found increases in both grain yield 
and grain-protein content in wheat after selection for protein 
yield. Other reports, which relied on simulated selection for 
protein yield, predicted large gains in grain yield and only 
slight changes in protein concentration (Bhatia, 1975; Takeda 
and Frey, 1985; Loffier and Busch, 1982). All of these stud­
ies provide empirical evidence that selection for protein 
yield will produce significant gains in grain yield for sever­
al cycles of selection without an appreciable decline in 
protein concentration. 
Selection for GPY caused by grain yield (HG) resulted in 
a greater rate of gain in GTY than in the other two lines of 
descent, and in the largest reduction in GPC. GTY increased 
an average of 0.15 Mg ha"^ per cycle in HG, producing a C5 mean 
of 2.88 Mg ha'^, a 3 5% increase over 5 cycles. This gain of 7% 
per cycle was substantially greater than others reported in 
the literature (Payne et al., 1986; Lamkey, 1992). The rate 
of gain for GTY in HG showed no evidence of decreasing; fur­
ther there was significant genetic variability for GTY in C5 
(Table 3) so additional gains in GTY are likely in this line 
of descent. The significant decline in GPC from 193 to 175 g 
kg'i amounted to nearly a 10% drop over five cycles. 
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Table 3. Genotypic variances and heritabilities for groat 
yield in three lines of descent. 
Line of Genetic 
descent* Cycle variance'' Heritability 
0 294 (-181, 1491) 26 (-14, 52) 
1 1109 (571, 2085) 74 (50, 86) 
2 190 (-381, 804) 21 (-47, 57) 
3 461 (-3, 1016) 35 (0, 58) 
4 382 (95, 747) 43 (13, 63) 
5 722 (286, 1305) 51 (24, 68) 
0 83 (-310, 470) 10 (-40, 41) 
1 319 (-323, 1069) 28 (-33, 62) 
2 309 (-235, 967) 31 (-28, 63) 
3 566 (136, 1112) 43 (12 63) 
4 —59 (-713, 517) -5 (-61, 32) 
5 1146 (604, 1917) 60 (38, 74) 
0 718 (267, 1316) 49 (22, 67) 
1 -18 (-492, 376) -3 (-92, 45) 
2 607 (-162, 1623) 40 (-13, 68) 
3 394 (63, 804) 40 (7, 61) 
4 18 (-279, 296) 3 (-49, 37) 
5 11 (-381, 372) 1 (-52, 36) 
* HGP, selection for protein yield per se; HG, selection for 
protein yield through high grain yield; HP, selection for 
protein yield through high grain yield and high protein con­
tent. 
Multiply value in table by lO"'^ to obtain actual variance. 
Selection for high GPY caused by a combination of high 
grain yield and high protein concentration in HP resulted in 
significant gains in both GPC (from 202 to 218 g kg"^) and GTY 
(from 2.31 to 2.51 Mg ha'^) . Aside from the deviant mean in 
C4, the rate of gain for GTY has continued linearly through 
C5. There was an obvious and significant quadratic effect for 
the gain in GPC in HP, suggesting that further genetic gain 
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Table 4. Genotypic variances and heritabilities for groat-
protein concentration in three lines of descent. 
Line of Genetic 
descent* Cycle variance Heritability 
0 12 .5 (-10.9, 37.8) 21 (-21, 49) 
1 -2.1 (-26.3, 17.1) -8 (-101, 42) 
2 0.9 (-12.5, 13.2) 5 (-76, 49) 
3 -2.7 (-12.7 , 5.4) -16 (-78, 24) 
4 9.4 (-3.5, 24.1) 27 (-11, 53) 
5 16.1 (1.4, 33.9) 38 (4, 59) 
0 24.9 (6.6, 48.2) 44 (14, 64) 
1 12.6 (-8.26, 38.2) 33 (-25, 64) 
2 30.9 (13.2, 61.2) 66 (36, 82) 
3 21.6 (6.3, 41.3) 45 (15, 64) 
4 9.1 (-12.9, 31.9) 17 (-28, 46) 
5 5.2 (-4.4, 15.1) 22 (-0.21, 49) 
0 18.7 (1.5, 39.6) 37 (3, 59) 
1 13.5 (-4.6, 37.2) 38 (-15, 67) 
2 25.9 (5.4, 57.2) 54 (14, 75) 
3 9.7 (-2.1, 23.2) 30 (-8, 55) 
4 22 .4 (4.1, 45.2) 41 (9, 62) 
5 25. 0 (5.0, 50.0) 41 (10, 62) 
^ HGP, selection for protein yield per se; HG, selection for 
protein yield through high grain yield; HP, selection for 
protein yield through high grain yield and high protein con­
tent. 
in this trait is unlikely in this line of descent. However, 
the rate of gain from CI to C5 appears to be linear, the C5 
mean GPC was significantly higher than CI, and there was 
significant genetic variation for GPC in C5 (Table 4). Thus, 
further simultaneous gains in both GPC and GTY can probably be 
made in this line of descent. 
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DISCUSSION 
Analysis of the components of groat-protein yield in the 
three lines of descent (see Fig. 3) provide a clear illustra­
tion of the options available to oat breeders in cultivar 
improvement for grain yield and groat-protein concentration. 
Emphasis on grain yield in the selection criteria appears to 
provide the most rapid gains in both groat-protein yield and 
groat yield, but the groat-protein concentration will suffer 
significant declines. Currently, many oat breeding programs 
are emphasizing high grain yield and disease resistance with 
little attention given to improving groat-protein content 
(Forsberg and Shands, 1989). It may be possible to select 
heavily for grain yield and still hope to recover an improved 
line that retained acceptable groat-protein concentration, but 
the chances of doing so probably will decrease with time. 
While emphasis on grain yield resulted in the most rapid 
improvement in protein yield, the nutritional quality of oat 
for food or feed depends, in part, on the the percentage of 
protein in the groats (Youngs and Forsberg, 1987). Our re­
sults from the HP line of descent demonstrate that increasing 
groat-protein concentration need not translate into a decline 
in grain yield. Groat yield and groat-protein concentration 
were improved simultaneously, but, as expected, increases in 
groat yield were compromised by the inclusion of two traits in 
the selection criteria. Selection for protein yield per se 
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may offer a compromise between these two conflicting objec­
tives. This selection criterion offers a method for rapidly 
improving groat yield without suffering a large decline in 
groat-protein concentration. The gains in groat yield in HGP 
were greater than those in HP, yet the decline in groat-pro­
tein concentration was less than in HG. 
Integration of Sp^ recurrent selection and cultivar 
development; The S^-recurrent selection protocol offers three 
features which are desirable for cultivar development or 
germplasm enhancement programs. First, the selection proce­
dures can be integrated easily into established small grain 
breeding programs. Each year this program produces data on 
3 00 (or more) lines, the equivalent of an early generation 
test for 300 Fj families. Each line produces enough seed to 
advance for additional yield testing, pedigree selection, 
single-seed descent, or for use as parental lines to form 
additional F2 populations. Since this recurrent selection 
procedure requires relatively few resources, the program can 
be incorporated into most breeding programs without extensive 
adaptation of either the conventional breeding program or the 
recurrent selection protocol. 
Second, the selection program is designed to maximize 
genetic gain on a yearly basis. Each cycle of selection is 
completed in one year. Multi-location data provide a more 
accurate assessment of the genetic worth of the lines than 
evaluation in one environment. And the large population size 
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and high selection intensities used in this procedure can 
produce rapid gains in the traits of interest, yet retain 
enough selected lines to maintain genetic variation for long-
term progress. 
Finally, this procedure is capable of producing elite 
germplasm. All three of these lines of descent have improved 
population means for the primary traits of interest (GPY, GTY, 
or GPC) that compare very favorably with the means of the 
check cultivars (Table 5). For example, mean groat yield in 
the C5 HP population was equal to the high-yielding cultivars 
Ogle and Sheldon, yet mean groat-protein concentration in that 
same population was higher than the high-protein cultivar 
Preston. There were several individual lines from each line 
of descent which produced extremely high groat-protein yields 
through either high groat yield, or a combination of high 
groat-protein concentration and high groat yield (see Table 5 
for examples). 
The value of these populations for cultivar development 
depends on their performance, not only for the primary traits 
of interest, but also for agronomic traits. Selection for one 
or two traits can cause unfavorable changes in agronomic 
traits (Hallauer, 1985). These three lines of descent, while 
acceptable for many agronomic traits, do appear to contain 
some specific weaknesses (Table 5). Groat percent is fairly 
low in HGP and HP, and test weight declined in HP. However, 
the weak characteristics of these lines were not always a 
Table 5. Comparison of population means with check cultivars for groat-protein yield 
and several agronomic traits. 
Groat Groat 
protein Groat protein Test Seed Heading Groat 
Entry yield yield content weight weight date Height percent 
kg ha'l Mg ha'l g kg-l kg m'^ g d cm % 
Ogle 451 2.65 173 388 3.35 70 102 72 
Preston 461 2.18 212 432 2.79 68 105 72 
Sheldon 493 2.68 187 441 3.22 69 111 72 
LSD* 60 0.31 12 10 0.17 1 3 2 
HGpb CO mean 463 2.32 200 416 3.00 71 105 70 
HGP C5 mean 514 2.69 192 404 2.96 68 105 70 
HGP M857-4 (C5)° 670 3.63 185 409 2.80 69 104 74 
HGP M927-4 (C5)d 642 3 .34 192 433 3.10 67 107 70 
LSD® 45 0.29 14 14 0.14 1 2 2 
LSD^ 108 0.57 14 17 0.27 2 5 2 
HG CO mean 410 2.13 193 399 3 .13 71 104 70 
HG C5 mean 501 2.88 175 410 3 .24 68 105 72 
HG M562-4 (C5)° 642 3.55 183 380 3.00 72 109 79 
HG M586-4 (C5)d 609 3.47 176 431 3.12 68 103 72 
LSD® 67 0.40 11 15 0.18 1 2 3 
LSD^ 103 0.59 12 19 0.32 2 5 6 
HP CO mean 464 2.31 202 413 2.94 71 105 70 
HP C5 mean 544 2.51 218 390 2.97 71 105 68 
HP M462-4 (C5)G 734 3 .28 227 411 2.75 69 106 67 
HP M541-4 (C5)d 637 2.97 215 383 3.14 68 104 69 
LSD® 58 0.29 10 11 0.18 1 2 2 
LSD^ 120 0.60 15 22 0.31 2 5 3 
® LSD to compare cultivar means. 
^ HGP, selection for protein yield per se; HG, selection for protein yield through 
high grain yield; HP, selection for protein yield through high grain yield and high 
protein content. 
® Individual line from HGP, HG, or HP lines of descent with the highest groat-protein 
yield. 
^ Individual line selected from the cycle-5 population of HGP, HG, or HP after 
evaluation for agronomic traits. 
® LSD to compare cycle means with cultivar means. 
^ LSD to compare line means with cultivar means. 
o\ 
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result of the selection procedures; the CO means for groat 
percent and seed weight were already low when compared to the 
check cultivars. Selection appears to have caused decreases 
in groat percent in HP and test weight in HP and HGP. Howev­
er, these undesirable responses might be mitigated through 
adaptation of the selection criteria. 
The results of Klein and Frey (1993) provide another 
example of the utility of S^-recurrent selection in cultivar 
development in oat. They used a similar Sj-recurrent selec­
tion procedure to select for test weight or test weight and 
grain yield in two oat populations. After three cycles of 
selection, they improved test weight from 431 to 485 g kg'^ in 
one population, and test weight from 431 to 453 g kg"^ and 
grain yield from 3.78 to 4.17 Mg ha'^ in a second population. 
The C3 means for grain yield and test weight compared favor­
ably with adapted high yielding and high test weight cul­
tivars. They also have advanced several oat lines from the 
selection program into advanced yield tests for possible 
release as cultivars. 
In summary, Sj-recurrent selection was an effective 
method for increasing groat-protein yield in oat. The means 
of all three lines of descent, as well as the performance of 
the highest GPY lines in each population improved with selec­
tion The most remarkable results from this study are, 1) the 
effects of the different selection strategies on groat yield 
and groat-protein concentrations, 2) the consistent and large 
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gains in groat yield obtained in the HG line of descent, and 
3) the simultaneous improvement in groat yield and groat-
protein concentration in the HP line of descent. These three 
lines of descent will be most useful as a source of parents 
for high groat yield, high groat-protein content, and a combi­
nation of both traits. This selection protocol can be inte­
grated easily into most small grains breeding programs and is 
an efficient method for producing improved germplasm for 
further cultivar development. 
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PAPER II. EFFECTS OF S^-RECURRENT SELECTION FOR PROTEIN YIELD 
ON YIELD COMPONENTS OF OAT 
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ABSTRACT 
Three S^-recurrent selection programs for increasing 
protein yield of oat (Avena sativa L.) were conducted for five 
cycles of selection. The selection criteria in each program 
(line of descent) emphasized different components of protein 
yield; high grain yield in HG, both high grain yield and high 
groat-protein concentration in HP, and protein yield per se in 
HGP. The objectives of this study were to analyze and compare 
the changes in yield components in these three lines of de­
scent. Thirty to sixty random Sg-derived lines from each 
cycle and ten check lines were grown in hill plot experiments 
at two locations in 1989. Biomass increased a total of 7% and 
groat index increased by 8% in HGP (groat index is analogous 
to harvest index except on a groat yield basis). At least 
part of the increase in biomass was due to a significant 
increase in vegetative growth rate (9% over 5 cycles). Re­
sponses in biomass, vegetative growth rate, and groat index in 
HG were similar to HGP in direction, but greater in magnitude 
(15, 13, and 17% increases over 5 cycles, respectively). In 
contrast, biomass increased by 5% in HP, but vegetative growth 
rate and groat index did not change significantly after five 
cycles of selection. Seed number increased in HGP by 16.6%, 
in HG by 28.2%, and in HP by 11.4%. Groat weight remained 
essentially unchanged in all three lines of descent. Thus, 
the high groat yield of the improved C5 populations from all 
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three lines of descent were the result of their higher than 
average biomass due to high growth rates and to high seed 
number. These results indicate the importance of high biomass 
as well as high groat index to maximizing genetic gains in 
groat yield in oat. Simultaneous gains in groat yield and 
groat-protein concentrations can be achieved through increases 
in biomass while holding groat index constant. Increases in 
vegetative growth rate can contribute to increased groat yield 
through increased biomass without causing longer growth peri­
ods and an unfavorable delay in maturity. Selection for 
protein yield appears to increase seed number but not groat 
weight due to unfavorable correlations between groat weight 
and groat protein concentration. 
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INTRODUCTION 
Grain yield of oat (A. sativa L.) is a complex trait 
resulting from the action and interaction of individual compo­
nent traits such as biomass, growth rate, growth duration, 
harvest index, seed number and seed weight. Biomass is deter­
mined by growth rate and growth duration during the vegetative 
and grain fill stages (Takeda and Prey, 1976; Salman and 
Brinkman, 1992) . Harvest index is a measure of how much of 
the biomass the plant partitions to the grain (Donald and 
Hamblin, 1976) . Grain yield is also determined by the number 
of seeds produced per unit area of land and the weight of each 
seed (Grafius, 1964). Thus grain yield is equal to, 1) bio­
mass X harvest index = growth rate x growth duration x harvest 
index, or 2) seed number x seed weight. 
Analyses of these yield-related traits can provide in­
sight on the underlying causes of variation in grain yield, 
which in turn may enable the plant breeder to devise more 
efficient strategies to improve grain yield of cereal crops. 
For example, analyses of yield components may 1) indicate 
which component traits can best contribute towards meeting 
specific breeding objectives (McMullan et al., 1988), 2) 
generate new hypotheses on how future yield gains can be most 
effectively acheived (Payne et al., 1986), 3) allow the breed­
er to maintain genetic variability within a crop species 
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through incorporation of genes for individual yield components 
into the elite gene pool (Rasmusson, 1987), and 4) indicate 
which traits are desirable for introgression from exotic 
sources for the long-term improvement of grain yield (Frey, 
1988; Rasmusson, 1987). 
Improved populations which result from recurrent selec­
tion programs provide good sources of genotypes to study the 
relationships among yield components, to determine how they 
contribute to grain yield improvement, and to compare their 
indirect response to selection for yield or other traits. 
Improved populations originate from the same genetic back­
ground as the unimproved initial populations, yet they have 
undergone significant divergence for yield or traits that vary 
with yield, and thus provide a valid comparison of yield and 
associated yield-component response to selection (Payne et 
al., 1986). 
McFerson and Frey (1990) initiated three recurrent 
selection programs (or lines of descent) for protein yield in 
oat. They selected for protein yield per se in one line of 
descent (HGP), for high protein yield caused by high grain 
yield in a second (HG), and for high protein yield caused by 
both high grain yield and high groat-protein concentration in 
a third (HP). They carried these lines of descent for three 
cycles. We conducted two additional cycles of selection and 
have evaluated the effectiveness of these recurrent selection 
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programs after five cycles of selection (Moser and Frey, 
1993). All three selection strategies increased groat-protein 
yield by 2 to 4% per cycle, but changes in groat yield and 
groat-protein concentration varied among the lines of descent. 
Groat yield was increased 7% per cycle in HG, 3% per cycle in 
HGP, and 1% per cycle in HP. Mean groat yields in cycle 5 of 
all three lines of descent were equal to or slightly greater 
than high yielding commercial cultivars. HP showed a signifi­
cant increase in protein concentration from 20.2 to 21.8%, but 
HGP and HG showed declines from 20.0 to 19.2% and from 19.3 to 
17.5% protein, respectively. The objective of this report is 
to evaluate and compare the changes in yield components in 
these three lines of descent. 
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MATERIALS AND METHODS 
Population formation and selection procedures; Kuenzel 
and Frey, (1985) provided the source of germplasm to initiate 
this study. They used ten high-protein and four high-grain 
yield lines of oat as parents, made 27 matings between the two 
groups, and evaluated from 2 7 to 9 0 I^^derived lines per 
mating. These lines served as the cycle 0 (CO) population 
from which lines were chosen as parents for CI. 
McFerson (1990) initiated three selection strategies 
(lines of descent) with oat lines from the CO population. The 
HP line of descent was initiated with five Fj-derived lines 
that had high groat-protein yield due to both high groat-
protein concentration and high grain yield. The HG line of 
descent was initiated with five lines that had high groat-
protein yield due to high grain yield. The HGP line of de­
scent was initiated by combining all ten lines used as parents 
for HG and HP. The random lines chosen to represent the CO 
for a line of descent were chosen only from the matings that 
contributed the CI parents to that line of descent. 
In 1982, the CI parents of the HG and HP lines of descent 
were crossed in a diallel of single crosses and the single 
crosses were mated into a set of random double crosses to form 
the CI populations. In HGP, the five HG parents and the five 
HP parents were crossed in a design II mating format to give 
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25 single crosses, and the single crosses were intermated 
randomly to give double crosses. Each line of descent con­
tained 75 double crosses and each double cross was represented 
by five Sq plants. This gave a total of 375 Sq seeds per line 
of descent. In winter 1982-83, the Sq seeds were planted in 
the greenhouse to produce Sqi lines for field evaluation. 
Three hundred lines were produced for HP and for HGP and 
285 for HG. 
The Sq.i lines and CI parents plus 10 checks were grown in 
three selection experiments, one for each line of descent, in 
summer 1983. A plot was a hill sown with 20 seeds and plots 
were spaced 3 0.5 cm apart in perpendicular directions. The 
experiment was a randomized complete block design with three 
replications at two locations. Two rows of hills were planted 
around each replication to provide competition for the periph­
eral plots. The test sites were the Agronomy Field Research 
Center near Ames, Iowa, and the Northern Research Center near 
Kanawha, Iowa. Soil types were Nicollate silty loam at Ames, 
and Webster silty clay at Kanawha. Fertilizer rates of nitro-
gen-phosphorus-potassium were 34-22-19 kg ha'^ at Ames and 52-
3-6 kg ha'i at Kanawha. At the flag leaf stage, 11 kg ha"^ N 
was applied at both sites. A systemic fungicide (Bayelton) 
was applied to the plants at heading to control crown rust and 
other foliar diseases. 
Five traits were measured: 
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- Heading date (HD) (d); the number of days after 
planting when half of the panicles are completely emerged 
from the boot. HD was measured on a plot basis on all 
replications at Ames. 
- Plant height (HT) (cm); distance from the ground 
to the tips of the panicles. HT was measured on a plot 
basis on all replications at Ames. 
- Grain yield (GY) (Mg ha'^) ; dry weight of grain 
measured on a plot basis in all replications at both Ames 
and Kanawha. 
- Groat-protein concentration (GPC) (g/kg); seed 
from all six replications were combined into one seed 
lot. A lOg sample of seed from the bulk was dehulled and 
the groats were analyzed for N content. N analyses were 
made using a Neo-Tec Model 41 near infra-red analyzer. 
GPC was estimated by multiplying N concentrations by 
6.25. 
Protein yield (PY) (Mg ha"^) ; calculated as mean 
GY X GPC. 
Selection of C2 parents resembled an independent culling 
procedure with the selection criteria emphasizing different 
components of protein yield in each line of descent. In HP, 
50 lines were selected on the basis of high PY. Next, the 50 
high-PY lines were evaluated for GY and GPC, and 2 0 of them 
with high PY due to both high GY and high GPC were chosen. 
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The basis for evaluation of the 50 Sgj lines was their devia­
tion from the average GY and GPC of the four parents used to 
make the double cross - lines with a positive deviation from 
the average parental value for both GY and GPC were selected. 
A similar procedure was used in HG, except that the final 
selection of the 20 parents from the set of 50 high-PY lines 
was based on a high deviation from the average of the parents 
for GY only. In HOP, 20 lines with high PY per se were se­
lected. 
Heading date and height were restricted in each line of 
descent; the means for HD and HT of the 2 0 selected lines 
could be no greater than the means of these traits for the 
population. Thus, the 2 0 lines chosen as parents for C2 were 
not the very highest PY lines because of this restriction. 
The 20 C2 parents from each line of descent were planted 
in the greenhouse in September of 1983 for intermating. Each 
parent was mated to five other parents as a male and five 
other parents as a female via a partial circulant diallel. A 
total of 100 crosses were made for each population and four Sg 
seeds were produced per cross. The 400 Sq seeds per line of 
descent were planted in the greenhouse in December of 1983 to 
produce Sq^  lines. Three of the four Sg i lines from a cross 
were randomly selected for the C2 selection experiment. 
The C2 selection experiments were grown in summer 1984, 
with experimental design, locations, and traits measured being 
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the same as for the CI selection experiment. Each experiment 
contained 3 00 Sqj lines from C2, the 20 C2 parents (in the 
Sg2), and 10 checks. Selection protocols were the same as for 
CI except that the bases for selection was the mid-parental 
value of the two immediate parents of each line. Intermating 
and Sq plant growout to produce the C3 population took place 
in the fall of 1984 and the winter of 1984-85. 
McFerson and Frey (1989, 1990, 1991) evaluated the prog­
ress from three cycles of selection in summer 1985. The 3 00 
Sqi lines from C3 and the 20 03 parents were included as part 
of their evaluation experiment. The experimental design, 
locations, and trait measurements were similar to the CI and 
C2 selection experiments, except that GPC and PY were measured 
from two bulk seed lots (one from each location) rather than 
on one bulk from all six replications. 
Twenty C4 parents per line of descent were chosen from 
the C3 populations. Selection criteria (based on entry means 
for GY, GPY and PY) were the same as in previous cycles. The 
parents were intermated in fall 1987, and 3 00 Sq lines were 
produced in winter 1987-88. Cloudy weather and disease prob­
lems during intermating reduced seed set on some matings and 
delayed other matings. Sg plants from matings at normal and 
delayed dates were handled as two separate groups of lines for 
growouts. All crosses were not equally represented by three 
Sgj lines per cross in the C4 population, but the C4 popula­
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tion included approximately equal genetic contributions from 
all parents. 
The two groups in a line of descent were handled sepa­
rately in the C4 selection experiments in 1988. Group A 
(which included 194, 252, and 218 lines from HGP, HG and HP, 
respectively) contained the Sg ^ lines from crosses that were 
made at the normal date and Group B (which included 105, 51, 
and 82 lines from HGP, HG, and HP, respectively) contained the 
lines from the delayed matings. The group A and B experiments 
contained a common set of 10 checks. Group A experiments were 
sown on April 19 and group B experiments were sown on April 29 
at both Ames and Kanawha. The fertility regime was similar as 
for previous cycles except that no N was applied at the flag 
leaf stage. HD, HT, GY, GPC, and FY were measured as in the 
CI and C2 selection experiments. 
The selection procedures were modified slightly to obtain 
C5 parents. In HGP, 13 and 7 lines were selected from the 
group A and B experiments, respectively, on the basis of high 
PY per se. In HP, 45 and 15 lines were selected initially 
from groups A and B on the basis of high PY. These lines were 
then ranked for GPC and the 2 0 highest ranking lines for GPC 
were selected; 15 lines from Group A and 5 from Group B. A 
similar procedure was conducted for HG, except that the final 
2 0 selections were made on the basis of high rankings for GY, 
instead of GPC; 17 were from Group A and 3 from Group B. HD 
and HT were restricted in all lines of descent as in CI 
through C3. 
The C5 parents were intermated in the greenhouse in fall 
1988, and the 300 C5 lines (in the Sg^) were produced in 
winter 1988-89. 
Evaluation experiment: The effectiveness of the selec­
tion strategies from CO through C5 was evaluated in 1989. 
Thirty to sixty random lines from each cycle in each line of 
descent, along with ten checks (Table 1), were grown in 20-
seed hill plots in a randomized complete block experiment at 
three locations with two replications per location. The check 
lines were entered four times in each replication. One loca­
tion was abandoned due to damage from a herbicide. The two 
Table 1. Number and description of random lines and check 
lines entered in the 1989 evaluation. 
Random lines Check lines 
Cycle No. Desc. Name Grain yield Protein content 
0 60 S&4 Don High Low 
1 30 ®0.3 Ogle High Low 
2 30 ®0,3 Sheldon High Moderate 
3 60 ®0.2 Hamilton High Moderate 
4 60 ^0.2 B605-1085 High Moderate 
5 60 So.l Webster High Moderate 
Noble Moderate Moderate 
Preston Low High 
Proat Low High 
Diana Low High 
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remaining test sites were the Ames location and the Northeast 
Research Center at Nashua, Iowa. The soil type at Nashua was 
a Kenyon readlyn loam. Planting dates were April 3 and April 
13 at Ames and Nashua, respectively. Fertilizer rates of 
nitrogen-phosphorus-potassium were 34-22-28 kg ha'^ at Ames and 
45-0-0 kg ha"^ at Nashua. Bayelton was sprayed on the experi­
ment at Nashua to preclude foliar disease. 
HD, HT, and GY were measured on a plot basis for each 
line as in the evaluation experiment (HD and HT were measured 
at Ames only). Three other traits were measured on all plots 
at both locations: 
- Above ground biomass (BM) (Mg ha'^) dry weight of 
entire bundle harvested at soil level. 
- Straw yield (SY) (Mg ha"^) calculated as BM - GY. 
- Harvest index (HI) (%) calculated as (GY/BM) x 
100. 
Next, the seed from the two replications of an entry at a 
location were bulked. This resulted in two bulk seed lots for 
each entry; one from each location. GPC was determined for 
each entry at each location. Five other traits were measured 
on the bulk seed lots; 
- Groat percent (GP) (%) determined by manually de-
hulling a random sample of about 50 seeds and dividing 
the groat weight by total seed weight. 
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- Groat yield (GTY) (Mg ha'^) calculated by multiply­
ing mean GY at a location by GP. 
- Vegetative yield (VY) (Mg ha'^) calculated by sub­
tracting GTY from mean BM at a location. 
- Groat-protein yield (GPY) (kg ha"^) calculated as 
GTY X GPC. 
- Hull yield (HY) (Mg ha"^) calculated by subtracting 
GTY from mean GY at each location. 
- Seed weight (SDWT) (g) weight of 100 randomly se­
lected seeds. 
- Groat weight (GTWT) (g) calculated as SDWT x GP. 
- Groat index (GI) (%) calculated as GTY/BM x 100. 
GI is analogous to HI except that it is on a groat basis. 
- Vegetative growth rate (VGR) (MG ha'^ d"^) calculat­
ed as (STY+HY)/HD. VGR was calculated for Ames only. 
Statistical analvsis of evaluation experiment; An analy­
sis of variance was conducted on two subsets of this data. 
First, the data for the check lines were analyzed. Entries 
were considered fixed and locations random. Each cultivar was 
entered in the experiment four times; for traits measured on 
bulk seed lots, each bulk was considered as one replication, 
resulting in four replications within each location. 
Second, an analysis of variance for each trait was con­
ducted within each line of descent to test for significant 
differences among cycle means and among genotypes (entries) 
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within cycles. Locations and entries were considered as 
random effects and cycles as fixed. An approximate F test 
(Satterthwaite, 1946) was used to test for differences among 
cycle means and Fisher's protected L.S.D. was used for planned 
comparisons of cycle means. The harmonic mean for the number 
of observations within cycles was used to calculate the L.S.D. 
Entries within cycle mean squares were tested against the 
location by entry mean square for each cycle to test for 
significant genotypic variation. Location by entry effects 
were tested against the error term. For traits measured on 
bulk seed lots (ie. one replication per location), the error 
terra from the analysis of checks was used to test the location 
by entry mean square. 
Phenotypic and genotypic variance components within 
cycles were estimated by equating the observed mean squares 
with their expectations. Approximate 90% confidence intervals 
for variance components were estimated by the method of Bulmer 
(1957). Estimates of broad-sense heritabilities were calcu­
lated on an entry mean square basis for each cycle within each 
line of descent as: where Ù~q and Cr-p equal genotypic 
and phenotypic variance, respectively. Exact 90% confidence 
intervals were estimated by the method of Knapp et al. (1985). 
Regression analysis was conducted to estimate the corre­
lated response of component traits to selection for protein 
yield. Entry means were regressed on cycle number to obtain 
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estimates of the linear (/3l) and quadratic effects (j82). 
Significance of the regression coefficients was tested by 
partitioning the cycle sums of squares from the analysis of 
variance into linear, quadratic and deviations sums of 
squares, and testing the partitioned effects against the 
location by cycle mean square. Average change per cycle was 
estimated as /3l from the straight line model. 
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RESULTS 
Biomass and groat index; Biomass and groat index in­
creased in the HGP line of descent by an average of 0.11 Mg 
ha"^ and 0.4% per cycle, respectively (Fig. 1) . Groat yield 
increased by 16% from CO to C5 in HGP (Table 2). The total 
increase in biomass from CO to C5 was about 7% of the CO mean 
and the total increase in groat index was about 8%. Thus, 
biomass and groat index contributed roughly equal proportions 
to the increase in groat yield in HGP. 
The response of biomass and groat index in HG were simi­
lar to HGP in direction, but greater in magnitude (Fig. 1). 
Table 2. Increases (kg ha'^) from CO to C5 in biomass, groat 
yield, vegetative yield, hull yield and straw yield 
in three lines of descent in oat. 
Line of descent* 
Trait HGP HG HP 
Biomass 559* 1111* 388* 
Groat yield 372* 746* 195* 
Vegetative yield 188 366* 193 
Hull yield 148* 232* 205* 
Straw yield 40 133 -12 
* C5 significantly higher than CO at p=0.05. 
* HGP, selection for protein yield per se; HG, selection for 
protein yield through high grain yield; HP, selection for 
protein yield through high grain yield and high protein 
content. 
Fig. 1. Response of bioinass and groat index to three recurrent selection strate­
gies in oat. HGP, selection for protein yield per se; HG, selection for 
protein yield through high grain yield; HP, selection for protein yield 
through high grain yield and high protein content. Dashed lines overlayed 
on each plot represent the relative changes in groat yield for each line of 
descent. Average rate gain per cycle for bioinass in HGP is 0.11 Mg ha ^ 
(estimated from the straight line model). 
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Biomass increased by an average of 0.24 Mg ha"^ per cycle, 
while groat index increased by 1.0% per cycle. Groat yield in 
HG increased a total of 35% from CO to C5 (Table 2) and the 
contributions of biomass, groat index, and the interaction 
between biomass and groat index to this rather large increase 
in groat yield were 15, 17 and 4%, respectively. 
Biomass increased by 0.07 Mg ha"^ per cycle in HP, but 
groat index was not significantly changed after five cycles of 
selection (Fig. 1). Groat yield increased by 8% in HP, but 
unlike HGP and HG, the increase in groat yield in HP was more 
dependent on increased biomass than on increased groat index, 
(although the increase in groat index from C4 to C5 appeared 
to contribute to some degree). Biomass increased a total of 
5% over five cycles of selection. 
The relative overall rates of gain in biomass and groat 
index among these three lines of descent match the relative 
rates of gain in groat yield, but the changes in the two 
individual components varied from cycle to cycle (Fig. 1). 
For example, changes in biomass appear to be the primary 
determinant of changes in groat yield from C2 to C3, and from 
C3 to C4 in all three lines of descent, whereas groat index 
was the primary contributor from C4 to C5. This variation 
from cycle to cycle may be due to the environment; the C2 
population was evaluated in a favorable year for expression of 
biomass, but the C4 population was evaluated in a hot, dry 
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year where all plants were small and little variation for 
biomass was expressed. 
The reason for the decline in biomass from C3 to C4 is 
not clear. The C3 population was evaluated in 1985 which was 
a favorable year for the expression of groat-protein yield, 
groat yield and biomass. Data from the 1985 experiment show 
that genotypic correlations between biomass and groat-protein 
yield were large and positive in all three lines of descent, 
and biomass showed a large, positive selection differential 
suggesting that an increase in biomass should have been ex­
pected. 
Most of the increase in biomass within these lines of 
descent is due to increased hull yield and groat yield, al­
though straw yields contributed slightly in HGP and HG (Table 
2) . Mean straw yields remained remarkably consistent over all 
five cycles in HP. 
Genotypic variance estimates for biomass did not show any 
consistent changes from CO to C5 in any line of descent (Table 
3). Large and significant variances in C5 of HGP and HG and 
the relatively high heritabilities indicate the possibility of 
further changes in biomass due to indirect effects of selec­
tion for groat-protein yield in those lines of descent. The 
non-significant genotypic variance in C5 of HP may be due to 
the large and significant genotype by location interaction 
detected in that population. 
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Table 3. Genotypic variances and heritabilities (h?) for 
biomass and groat index in three lines of descent. 
Biomass Groat index 
Line of 
descent* Cycle Variance^ h" Variance h^ 
HGP 0 367* 
1 815** 
2 220 
3 432* 
4 274* 
5 661** 
HG 0 207 
1 448 
2 314 
3 430** 
4 34 
5 715** 
HP 0 472** 
1 205 
2 69 
3 359** 
4 159 
5 257 
40 7.13** 61 
71 5.32** 65 
3.09* 55 
41 2.21* 46 
38 3.69** 55 
47 1.53* 40 
2.94* 37 
3.14** 52 
1.93 
48 1.01 
3.95** 50 
58 0.71 
47 3.03* 36 
—— 0.98 —— 
5.93** 59 
46 1.69* 39 
1.80** 46 
— 0.84 —— 
® HGP, selection for protein yield per se; HG, selection for 
protein yield through high grain yield; HP, selection for 
protein yield through high grain yield and high protein con­
tent. 
^ Multiply value in table by 10'^ to get actual variance. 
Genotypic variance for groat index may be declining in 
these three lines of descent. 05 variance estimates were 
smaller than the CO variance estimates in all three lines of 
descent, and were not significantly different from 0 in HG and 
HP. 
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Vegetative growth rate and growth duration; Vegetative 
growth rate significantly increased by a total of 0.0086 Mg 
ha'^ d"^ in HGP, and 0.0111 Mg ha"^ d'^ in HG, while heading date 
decreased significantly by about 3 days (Fig. 2). The in­
crease in the vegetative growth rate in HGP and HG allows the 
plants in the C5 populations to produce, on the average, about 
the same amount of straw (or slightly more straw in HG) and a 
greater amount of hulls (Table 2) in 3 fewer days than plants 
from the CO populations. Both heading date and vegetative 
growth rate remained constant in HP. We did not obtain esti­
mates of panicle growth rates, but it seems likely that it 
also increased in HGP and HG, and possibly HP, because of the 
large increase in groat yield in these populations (see Table 
2 )  .  
Genotypic variances for vegetative growth rate were 
generally significant with little consistent change from CO to 
C5, and heritabilities were usually low to moderate (Table 4). 
Heritability for heading date was high in all cycles and all 
three lines of descent. Variances were estimated using only 
one environment with two replications, and may be biased 
upwards by environmental variation. 
Groat weight and seed number: Groat weight was not 
associated with increased groat yield in any line of descent, 
but increased seed number appears to be highly associated with 
Fig. 2. Response of vegetative growth rates and heading date (growth duration) to 
three Sq ^ recurrent selection strategies in oat. HGP, selection for protein 
yield per se; HG, selection for protein yield through high grain yield; HP, 
selection for protein yield through high grain yield and high protein 
content. Dashed lines overlayed on each plot represent the relative changes 
in groat yield for each line of descent. 
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Table 4. Genotypic variances and heritabilities for vegetative 
growth rate and heading date in three lines of de­
scent. 
Line of 
descent* Cycle 
Vegetative 
growth rate Heading date 
Variance^ h2 Variance h2 
HGP 0 23 11.3** 87 
1 108* 45 5.2** 77 
2 29 8.2** 86 
3 88** 38 6.6** 76 
4 0 6.2** 78 
5 85** 35 8.7** 88 
HG 0 71* 44 10.9** 89 
1 71** 27 5.3** 75 
2 55 4. 6** 71 
3 28* 20 5.5** 83 
4 77** 46 5.5** 82 
5 114** 54 2.4** 75 
HP 0 80** 43 7.5** 86 
1 104* 64 6.3** 80 
2 37 — — 12.6** 91 
3 66** 41 5.4** 83 
4 38* 26 5.7** 84 
5 93** 46 5.2** 88 
^ HGP, selection for protein yield per se; HQ, selection for 
protein yield through high grain yield; HP, selection for 
protein yield through high grain yield and high protein con­
tent. 
'' Multiply value in table by 10'^ to obtain actual estimate. 
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increased groat yield in all three lines of descent (Fig. 3). 
Groat weight showed a quadratic response in HGP, resulting in 
no net change from CO to C5. Seed number, on the other hand, 
increased by an average of 3.5 million seeds ha"^ per cycle, 
for a total increase from CO to C5 of 16.6%. Groat weight in­
creased slightly from CO to C5 in HG, but the increase was not 
significant and contributed only about 6% of the 35% increase 
in groat yield in HG, Seed number increased by 5.6 million 
seeds ha"^ per cycle for a total increase of 28.2%. Groat 
weight decreased slightly, but not significantly, in HP, while 
seed number increased by 2.4 million seeds ha"^ per cycle for a 
total increase from CO to C5 of 11.4%. Changes in groat yield 
on a cycle-by-cycle basis in all three lines of descent were 
almost always due to the variation in seed number. 
Genotypic variances for seed number were not always 
significant, but also did not show any consistent change from 
CO to C5 in any line of descent (Table 5). The positive 
genetic gains in seed number indicate that genetic variation 
for this trait does exist in these lines of descent. The lack 
of response in groat weight occurred despite significant 
genotypic variance and high heritabilities for this trait in 
all three lines of descent. 
Performance of check cultivars; Biomass of the ten check 
cultivars included in this experiment averaged 7.60 Mg ha"^ and 
Fig. 3. Response of seed number and groat weight to three recurrent selection 
strategies in oat. HGP, selection for protein yield per se; HG, selection 
for protein yield through high grain yield; HP, selection for protein yield 
through high grain yield and high protein content. Dashed lines overlayed 
on each plot represent the relative changes in groat yield for each line of 
descent. 
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Table 5. Genotypic variances and heritabilities (h?) for groat 
weight and seed number in three lines of descent. 
Groat weight Seed : number 
Line of 
descent* Cycle Variance^ h^ Variance h2 
HGP 0 354** 70 68 
1 153* 50 217** 71 
2 369** 84 82 — —  
3 196** 63 106* 35 
4 157** 58 106** 47 
5 158** 66 252** 58 
HG 0 131** 49 21 
1 141 104 —  —  
2 506** 79 -29 
3 177** 55 138** 48 
4 262** 66 83 — —  
5 113 257** 62 
HP 0 122** 51 139** 47 
1 185** 67 5 — 
2 291** 79 84 — —  
3 91** 46 127** 52 
4 102* 46 37 — —  
5 73* 39 74 
^ HGP, selection for protein yield per se; HG, selection for 
protein yield through high grain yield; HP, selection for 
protein yield through high grain yield and high protein con­
tent. 
Multiply value in table by 10^" to get actual variance. 
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ranged from 7.04 to 8.11 Mg ha"^ (Table 6). In comparison, CO 
means for biomass in HGP, HG, and HP were 8.03, 7.50, and 8.24 
Mg ha"^, respectively. C5 means of all three lines of descent 
were all equal to about 8.60 Mg ha'^, significantly above the 
average of the cultivars. 
Vegetative growth rates of the cultivars ranged from 81.5 
to 98.7 kg ha"^ d"^. The C5 mean growth rates were all near or 
above 100 kg ha'^ d'^, which are generally significantly higher 
than most of the checks except for Sheldon, Hamilton, and 
Proat. 
Groat index for the three highest yielding check culti­
vars - Don, Sheldon, and Ogle - were 36, 35, and 34%, respec­
tively, while groat index for two high-protein cultivars -
Preston and Proat - were 29 and 30%, respectively. CO mean 
groat index for all three lines of descent were about 29%. 
After five cycles of selection, mean groat index increased to 
about 34% and 32% in HG and HGP, respectively, while mean 
groat index in HP remained at about 29%. Thus, selection in 
HG, which emphasized grain yield, increased groat index to 
equal that of the high yielding cultivars. Selection in HP, 
however, which emphasized both grain yield and protein concen­
tration, held groat index constant at the level of the high-
protein cultivars. 
Seed number in these lines of descent were initially at 
about the same level of the checks, but selection increased 
Table 6. Means of the check lines and the CO and C5 populations for six yield 
components in three lines of descent in oat. 
Cultivar Biomass 
Groat 
index 
Vegetative 
growth 
rate® 
Heading 
date* 
Seed 
number 
Groat 
weight 
Mg ha'i % kg ha'^ d'^ d 10*^ ha"^ g 
Don 7.04 36.2 81.6 67.1 107 2.37 
Ogle 7.66 34.9 89.1 69.6 109 2.42 
Sheldon 8.01 34.1 95.9 68.5 116 2.33 
Hamilton 7.86 32.3 98.7 67.3 104 2.41 
B605-1085 7.56 32.0 90.8 68.6 107 2.23 
Webster 7.97 32.1 93.6 67.6 107 2.36 
Noble 7.32 31.9 89.8 68.6 101 2.28 
Preston 7.28 30.1 81.5 68.1 110 2.00 
Proat 8.11 29.1 95.0 75.0 107 2.16 
Diana 7.19 31.3 87.8 67.4 100 2.24 
Mean of checks 7.60 32.4 90.4 68.8 107 2.28 
HGP* CO 8.03 29.3 91.8 71.2 111 2.10 
HGP C5 8.59 31.6 100.4 68.1 131 2.08 
HG CO 7.50 28.8 87.9 70.7 98 2.20 
HG C5 8.61 33.7 98.9 67.6 125 2.32 
HP CO 8.24 28.6 99.6 70.7 113 2.06 
HP C5 8.62 29.5 102.7 70.5 126 2-01 
LSD® 0.91 2.2 15.4 1.1 14 0.42 
LSD^ 0.81 1.4 5.7 1.2 11 0.08 
LSD® 0.60 3.1 5.5 1.1 20 0.18 
LSof 0.37 1.4 5.4 1.2 7 0.16 
^Measured at Ames only. 
HGP, selection for protein yield per se; HG, selection for protein yield through 
high grain yield; HP, selection for protein yield through high grain yield and high 
protein content. 
LSD (p = 0.05) to compare cultivar means. 
LSD (p = 0.05) to compare cycle means from HGP with cultivar means. 
LSD (p = 0.05) to compare cycle means from HG with cultivar means. 
LSD (p = 0.05) to compare cycle means from HP with cultivar means. 
o 
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mean seed number to 131, 125, and 12 6 million seeds ha'^ in 
HGP, HG, and HP, respectively, which are all significantly 
higher than the the check lines. Groat weight, however, was 
about average in HG, and slightly below average in HGP and HP. 
Thus, in comparison with the high yielding check cult-
ivars, the high groat yield in these improved populations are 
determined by their higher than average biomass due to high 
growth rates and their high seed number. 
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DISCUSSION 
We observed two types of indirect response in yield 
components among these three lines of descent. Biomass, 
vegetative growth rate, groat index, and seed number all 
increased as a result of selection for high protein yield due 
to increased groat yield (HG) or selection for protein yield 
per se (HGP). Groat weight remained essentially the same or 
may have increased slightly (in HG). In contrast, selection 
for protein yield through both high grain yield and high 
groat-protein concentration (HP) increased biomass and seed 
number, but held groat index constant. Groat weight was 
reduced slightly but not significantly. 
Biomass and groat index; Several workers from the U. S. 
(Wych and Stuthman, 1983; Lynch and Prey, 1993), Northern 
Europe (Peltonen-Sainio, 1990; Rekunen, 1985), and England 
(Lawes, 1977) have evaluated the historical improvements or 
changes in oat grain yield and the related changes in grain-
yield components due to breeding in this century. The only 
clear historical trend that has emerged from all of these 
studies has been the importance of increased harvest index as 
a cause of increased grain yield (all five reports). The re­
sults are less clear for biomass and growth rates. Biomass is 
associated with increased grain yields in some studies (Wych 
and Stuthman, 1983; Peltonen-Sainio, 1990), but not in others 
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(Lynch and Frey, 1993; Lawes, 1977). Lynch and Frey (1993) 
reported that even though average grain yield increased in the 
newer cultivars they tested, no differences in vegetative 
growth rates could be detected among the lines. Peltonin-
Sainio (1990) reported that panicle growth rates may have had 
a substaintial effect on the increase in grain yield in North­
ern Europe (see also Salman and Brinkman, 1992). 
Our results from HGP and HG confirm the importance of 
high harvest index contributing to high grain yield, but they 
also indicate the importance of high biomass to maximizing 
yield gains in oat. Oat breeders in the U.S. have generally 
indirectly selected against high biomass through selection for 
short height, early maturity, and lodging resistance (Wych and 
Stuthman, 1983). However, both height and heading date were 
significantly decreased in our study and straw yields were in­
creased only slightly, which indicates that increases in bio­
mass can be accomplished without selection for a larger and 
less desirable plant type. 
The results in HP are consistent with the proposal by 
Kramer (1979) that, in contrast to the historical trends in 
oat improvement, the most effecient method for improving 
protein concentrations in cereals without a penalty in grain 
yield is to increase biomass and hold groat index constant. 
Biomass is usually positively correlated with groat yield and 
the increase in groat yield in HP was a result of the increase 
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in biomass. An increase in groat index, however, may decrease 
groat-protein concentrations because the primary source of 
nitrogen (the vegetative tissue) is reduced in size while the 
size of the sink is increased; less nitrogen must be stored in 
more grain (Kramer, 1979). 
Other recurrent selection studies conducted in oat also 
indicate the importance of high biomass for increase in grain 
yield. Payne et al. (1986) increased grain yield in oat by 
11.5% and biomass by 15% through three cycles of direct selec­
tion for grain yield, but harvest index decreased slightly. 
Klein and Frey (1993) conducted two recurrent selection pro­
grams in oat; in one line of descent (HTG) they used a Smith-
Hazel index to select for grain yield and test weight, and in 
the second (HT) they selected only for test weight. A signif­
icant increase in grain yield in HTG was accompanied by an 
increase in both harvest index and biomass (Klein, 1990) . 
Grain yield significantly decreased in HT; biomass also de­
creased but harvest index increased significantly. Similarly, 
Schipper and Frey (1992) observed significant declines in 
grain yield due to six cycles of recurrent selection for 
groat-oil content in oat. Significant declines in biomass 
were associated with the decline in grain yield, but harvest 
index remained unchanged. All of these reports, including 
ours and Payne et al. (1986), show that biomass rather than 
harvest index is the yield component that most consistently 
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varies with grain yield due to direct or indirect selection 
within a closed population. 
The most agronomically desirable source of increased bio 
mass in the midwest is through increased growth rate rather 
than increased growth duration (Frey, 1988) . The relative 
value of vegetative growth rates versus grain or panicle 
growth rates remains to be determined (Salman and Brinkman, 
1992). For example, the increase in grain yield in the recur 
rent selection program for grain yield in oat at Minnesota 
(Payne et al., 1986) was due to an increase of 15% in biomass 
but contrary to our results in HG and HGP, neither vegetative 
growth rate nor harvest index were changed. The increase in 
biomass they observed was due to a longer vegetative growth 
period and greater grain growth rates, rather than increased 
vegetative growth rate. Two major differences exist between 
our program at Iowa and the Minnesota program that could have 
contributed to the different responses in yield components. 
First, Payne et al (1986) did not restrict heading date and 
their C3 population was 3 days later than their CO population. 
We restricted heading date during selection and our C5 popula­
tions were either equal to or 3 days earlier than the CO 
populations. Thus, biomass could increase either through 
increased growth duration or growth rate in the Minnesota 
program, but only through growth rate in our program. Second, 
the initial parents for the Minnesota CO population contained 
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100% A. sativa L. germplasm, but the expected contribution of 
A. sterilis L. germplasm to the Iowa lines of descent (based 
on pedigrees) is roughly 15%. Takeda et al. (1979) and Takeda 
and Prey (1977) have shown that A. sterilis L. contains al­
leles for high growth rate that are not found in elite lines 
from A. sativa L. Thus, the Minnesota population may not have 
as much genetic diversity for vegetative growth rate as the 
Iowa populations which could have restricted the genetic 
changes in vegetative growth rate that is possible in their 
populations. There is little doubt that grain or panicle 
growth rates are an important yield component in oat (Payne et 
al., 1986; Salman and Brinkman, 1992; Peltonen-Sainio, 1990; 
Lynch and Prey, 1993). Our results, however, with populations 
containing A. sterilis L. germplasm show that vegetative 
growth rates can also contribute to increased grain yields in 
oat. 
Seed number and groat weight; The historical trends in 
seed number and seed weight in oat is not clear from the 
literature. Wych and Stuthman (1983) have shown that in­
creased seed weight contributed to the increased grain yield 
among the cultivars they tested, and that seed number de­
creased with year of cultivar release and grain yield. They 
attributed the increase in seed weight to direct selection by 
the breeders in Minnesota because kernel plumpness and high 
seed weight are agronomically desirable. In contrast, Lawes 
114 
(1977) observed that seed weight was constant among all the 
cultivars they tested, while seed number increased with grain 
yield in the newer cultivars. Fiel (1992) indicated that 
increases in grain yield in most cereal crops have generally 
been through increases in seed number rather than seed weight. 
Payne et al. (1986) showed that selection for grain yield 
in oat increased both seed number and seed weight. Increased 
groat yield in all three lines of descent in our study result­
ed from selection of plants that produced more seeds of the 
same weight. Inclusion of groat-protein concentration in our 
selection criteria, especially in HP, would tend to indirectly 
select against heavy seed weight which is negatively correlat­
ed with groat-protein concentration. 
Future trends; We have not observed any evidence that 
the trends in yield components in HGP will not continue as 
they have if additional selection is conducted in this popula­
tion. Genotypic variance estimates for biomass, groat index, 
vegetative growth rate, and seed number are large and signifi­
cant (Tables 3 and 4). The direction and magnitudes of the 
correlations between the yield components and groat yield and 
groat-protein concentration in C5 also indicate that future 
trends will continue as they have from CO to C5 (Table 7). 
The source of additional gains in groat-protein yield or 
groat yield in HQ is more difficult to predict. It seems 
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Table 7. Correlations among groat-protein yield, groat yield, 
groat-protein concentration and groat yield compo­
nents in C5 populations of three lines of descent in 
oat. 
Groat- Groat-
Line of protein Groat protein 
descent* Trait yield yield conc. 
Biomass 0. 89** 0.89** -0.20 
Groat index 0. 32** 0.41** -0.35** 
Groat weight -0. 04 -0.05 0.02 
Seed number 0. 86** 0.89** -0.31** 
Veg. growth rate 0. 56** 0.56** 0. 02 
Heading date -0. 14 -0.09 -0.14 
Biomass 0. 88** 0.89** -0.02 
Groat index 0. 52** 0.55** -0.11 
Groat weight 0. 13 0.14 -0.07 
Seed number 0. 83** 0.85** -0.02 
Veg. growth rate 0. 57** 0.59** -0.01 
Heading date 0. 11 0. 09 0.11 
Biomass 0. 85** 0.82** -0.07 
Groat index 0. 26* 0.30** -0.45** 
Groat weight -0. 03 0.02 -0.30** 
Seed number 0. 85** 0.86** -0.12 
Veg. growth rate 0. 63** 0.57** -0.10 
Heading date -0. 27* -0.34** 0.32* 
^ HGP, selection for protein yield per se; HG, selection for 
protein yield through high grain yield; HP, selection for 
protein yield through high grain yield and high protein con­
tent. 
likely that biomass, vegetative growth rate, and seed number 
will continue to increase in HG because these traits exhibit 
significant genetic variance and favorable correlations with 
groat yield and groat-protein concentration in C5 (Table 7). 
Harvest index in HG has reached what is considered to be 
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optimum for high grain yield in Iowa (about 45%, see Takeda 
and Frey, 1976; Takeda et al., 1987) and we were not able to 
detect any significant genotypic variance for groat index in 
C5 (Table 5). Both of these results suggest that groat index 
will remain constant in HG with further selection. On the 
other hand, the optimum harvest index for production of high 
yields in this population may be different from that of the 
elite oat cultivars. Also, consistent genetic gains for groat 
index occurred in this line of descent despite the nonsignifi­
cant estimates of genetic variance in C2 and C3 and there does 
not appear to be any sign of levelling off as the cycle means 
approached the theoretical limit (see Fig. 1). If biomass and 
groat index can continue to increase in HG, this population 
may be a source of a unique combination of alleles for high 
biomass and high harvest index resulting in high grain yield. 
If any further simultaneous gains in both groat yield and 
groat-protein concentrations can be made in HP, it will most 
likely continue to come through increased biomass at a con­
stant groat index. As groat weight is negatively correlated 
with groat-protein concentration, the increased groat yield 
will again be through increased seed number, rather than 
increased groat weight. 
Analysis of the yield components from these selection 
studies provide some indication of the traits in exotic germ-
plasm that are most desirable for introgression into A. sativa 
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L. Alleles for high vegetative growth rate from A. sterilis 
L. was incorporated into the initial parents of these popula­
tions and probably contributed to some of the increase in 
groat yield and groat-protein concentrations we observed in 
this study. Vegetative growth rates in these populations were 
increased so that the C5 means were significantly higher than 
all the checks but Sheldon, Hamilton, and Proat (both Sheldon 
and Hamilton contain A. sterilis L. germplasm). Increased 
vegetative growth rates can provide a larger vegetative bio-
mass to support an increase in seed number and grain growth 
rates, resulting in increased grain yield without a delay in 
maturity. 
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PAPER III. EFFECTS OF S^-RECURRENT SELECTION FOR PROTEIN 
YIELD ON SEVEN AGRONOMIC TRAITS OF OAT 
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ABSTRACT 
Three S^-recurrent selection programs for increasing 
protein yield of oat (Avena sativa L.) were conducted for five 
cycles of selection. The selection criteria in each program 
(line of descent) emphasized different components of protein 
yield; high grain yield in HG, high grain yield and high 
groat-protein concentration in HP, and protein yield per se in 
HGP. The objectives of this study were to evaluate and com­
pare the correlated responses in agronomic traits due to 
selection in HGP, HQ, and HP and to compare the agronomic 
performance of the improved populations with commercial cul-
tivars and elite breeding lines. Thirty to sixty random Sq-
derived lines from each cycle and ten check lines were grown 
in hill plot experiments at two locations in 1989. Grain 
yield increased in all three lines of descent; HG showed the 
greatest rate of gain followed by HGP and then HP (0.20, 0.10, 
and 0.07 Mg ha"^ per cycle, respectively). Mean straw yields 
in C5 were not significantly different from CO in any line of 
descent, although significant increases in straw yield were 
observed in C3 of HGP and HG. Test weight decreased in HGP 
and HP (12 and 23 kg m"^, respectively) and increased slighlty, 
but not significantly, in HG. C5 means for seed weight were 
not significantly different for the CO means for any line of 
descent. Groat percent remained unchanged in HGP, increased 
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slightly in HG (from 70.1 to 71.7%), and decreased signifi­
cantly in HP (from 69.9 to 57.6%). Heading date decreased by 
3 d in HGP and HGP, but remained unchanged in HP. Height 
showed a quadratic response in all three populations; increas­
ing in the first few cycles of selection and decreasing in C4 
and C5 to about the same level as CO. When compared to com­
mercial cultivars, and based on population and individual line 
means, HG is the best source population for cultivar develop­
ment because of its high yield and acceptable agronomic 
traits, while HP appears to be lacking in seed quality (ie 
test weight, seed weight, and groat percent). These results 
indicate that recurrent selection for protein yield through 
high grain yield (ie. in HG, HGP) can produce high yielding 
source populations with acceptable agronomic traits. Selec­
tion for both grain yield and groat-protein concentration (in 
HP) may require concurrent mild selection for maturity, 
height, and seed quality in order to produce an acceptable 
source population for cultivar development. 
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INTRODUCTION 
Recurrent selection is a plant breeding method well 
suited to the genetic improvement of broad-based populations. 
In oat {Avena sativa L.), recurrent selection has been used to 
improve seed weight (Khadr and Frey, 1965), oil concentration 
(Schipper and Frey, 1991), grain yield (Stuthman, 1988), test 
weight (Klein and Frey, 1993), barley yellow dwarf virus (BYD) 
resistance (Baltenberger et al., 1988), and protein yield 
(McFerson and Frey, 1990, 1991, 1992) . Intense selection for 
one or two primary traits, however, can cause favorable or 
unfavorable associated changes in other, unselected agronomic 
traits. Selection for grain or protein yield in oat, for 
example, often will result in the selected lines or popula­
tions becoming late and tall, both of which are unfavorable 
(Stuthman, 1988; McFerson and Frey; 1992), 
McFerson and Frey (1990) initiated three recurrent 
selection programs (or lines of descent) for protein yield in 
oat. They selected for protein yield per se in one line of 
descent (HGP), for high protein yield caused by high grain 
yield in a second (HG), and for high protein yield caused by 
both high grain yield and high groat-protein concentration in 
a third (HP). They carried these lines of descent for three 
cycles. Moser and Frey (199 3) evaluated the effectiveness of 
these recurrent selection programs after five cycles of selec­
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tion. All three selection schemes improved groat-protein 
yield (the primary trait of interest) by 2 to 4% per cycle, 
but changes in groat yield and groat-protein concentration 
varied among the lines of descent. Groat yield was increased 
7% per cycle in HG 3% per cycle in HGP and 1% per cycle in HP. 
The mean groat yields in the C5 of all three lines of descent 
were equal to or slightly greater than high yielding commer­
cial cultivars. HP showed a significant increase in protein 
concentration from 20.2 to 21.8%, but HGP and HG showed de­
clines from 20.0 to 19.2% and from 19.3 to 17.5% protein, 
respectively. Thus, these improved oat populations may be 
sources of lines or parents for improving grain yield or 
groat-protein concentrations of oat cultivars. The C5 popula­
tion of HP, in particular, contains a unique combination of 
high groat yield and high groat-protein concentration. 
Of course, the value of these populations for cultivar 
improvement, depends not only on their groat yield and groat-
protein concentrations, but also their performance in other 
agronomic traits. Desirable traits in oat include high straw 
yield, test weight, seed weight and groat percent, early 
heading and short height (Forsberg and Shands, 1989). The 
objective of this study is to evaluate the correlated respons­
es in agronomic traits due to selection for protein yield in 
HGP, HG and HP, and compare the agronomic performance of the 
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improved populations with that of oat cultivars and elite 
breeding lines. 
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MATERIALS AND METHODS 
Population formation and selection procedures: Kuenzel 
and Frey, (1985) provided the source of germplasm to initiate 
this study. They used ten high-protein and four high-grain 
yield lines as parents, made 27 matings between the two 
groups, and evaluated from 27 to 90 I^^derived lines per 
mating. These lines served as the cycle 0 (CO) population 
from which lines were chosen as parents for CI. 
McFerson and Frey (1990) initiated three selection strat­
egies (lines of descent) with oat lines from the CO popula­
tion. The HP line of descent was initiated with five F2-
derived lines that had high groat-protein yield due to both 
high groat-protein concentration and high grain yield. The HG 
line of descent was initiated with five lines that had high 
groat-protein yield due to high grain yield. The HGP line of 
descent was initiated by combining all ten lines used as 
parents HG and HP. The random lines chosen to represent the 
CO for a line of descent were chosen only from the matings 
that contributed the CI parents to that line of descent. 
In 1982, the CI parents of the HG and HP lines of descent 
were crossed in a diallel of single crosses and the single 
crosses were mated into a set of random double crosses to form 
the CI populations. In HGP, the five HG parents and the five 
HP parents were crossed in a design II mating format to give 
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25 single crosses, and the single crosses were intermated 
randomly to give double crosses. Each line of descent con­
tained 75 double crosses and each double cross was represented 
by five Sq plants. This gave a total of 375 Sg seeds per line 
of descent. In winter 1982-83, the Sg seeds were planted in 
the greenhouse to produce Sqj lines for field evaluation. 
Three hundred Sg ^ lines were produced for HP and for HGP and 
285 for HG. 
The S q i  lines and CI parents plus 10 checks were grown in 
three selection experiments, one for each line of descent, in 
summer 1983. A plot was a hill sown with 20 seeds and were 
spaced 30.5 cm apart in perpendicular directions. The experi­
ment was a randomized complete block design with three repli­
cations at two locations. Two rows of hills were planted 
around each replication to provide competition for the periph­
eral plots. The test sites were the Agronomy Field Research 
Center near Ames, Iowa, and the Northern Research Center near 
Kanawha, Iowa. Soil types were Nicollate silty loam at Ames, 
and Webster silty clay at Kanawha. Fertilizer rates of nitro-
gen-phosphorus-potassium were 34-22-19 kg ha"^ at Ames and 52-
3-6 kg ha"^ at Kanawha. At the flag leaf stage, 11 kg ha'^ N 
was applied at both sites. A systemic fungicide (Bayelton) 
was applied to the plants at heading to control crown rust and 
other foliar diseases. 
Five traits were measured: 
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- Heading date (HD) (d); the number of days after 
planting when half of the panicles are completely emerged 
from the boot. HD was measured on a plot basis on all 
replications at Ames. 
- Plant height (HT) (cm); distance from the ground 
to the tips of the panicles. HT was measured on a plot 
basis on all replications at Ames. 
- Grain yield (GY) (Mg ha'^) ; dry weight of grain 
measured on a plot basis in all replications at both Ames 
and Kanawha. 
- Groat-protein concentration (GPC) (g/kg); seed 
from all six replications were combined into one seed 
lot. A lOg sample of seed from the bulk was dehulled and 
the groats were analyzed for N content. N analyses were 
made using a Neo-Tec Model 41 near infra-red analyzer. 
GPC was estimated by multiplying N concentrations by 
6.25. 
Protein yield (PY) (Mg ha"^) ; calculated as mean 
GY X GPC. 
Selection of C2 parents resembled an independent culling 
procedure with the selection criteria emphasizing different 
components of protein yield in each line of descent. In HP, 
50 lines were selected on the basis of high PY. Next, the 50 
high-PY lines were evaluated for GY and GPC, and 20 of them 
with high PY due to both high GY and high GPC were chosen. 
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The basis for evaluation of the 50 Sgj lines was their devia­
tion from the average GY and GPC of the four parents used to 
make the double cross - lines with a positive deviation from 
the average parental value for both GY and GPC were selected. 
A similar procedure was used in HG, except that the final 
selection of the 20 parents from the set of 50 high-PY lines 
was based on a high deviation from the average of the parents 
for GY only. In HGP, 2 0 lines with high PY per se were se­
lected. 
Heading date and height were restricted in each line of 
descent; the means for HD and HT of the 2 0 selected lines 
could be no greater than the means of these traits for the 
population. Thus, the 2 0 lines chosen as parents for C2 were 
not the very highest PY lines because of this restriction. 
The 2 0 C2 parents from each line of descent were planted 
in the greenhouse in September of 1983 for intermating. Each 
parent was mated to five other parents as a male and five 
other parents as a female via a partial circulant diallel. A 
total of 100 crosses were made for each population and four S q  
seeds were produced per cross. The 400 Sg seeds per line of 
descent were planted in the greenhouse in December of 1983 to 
produce Sq^ lines. Three of the four Sg^ lines from a cross 
were randomly selected for the C2 selection experiment. 
The C2 selection experiments were grown in summer 1984, 
with experimental design, locations, and traits measured being 
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the same as for the CI selection experiment. Each experiment 
contained 3 00 Sqi lines from C2, the 20 C2 parents (in the 
Sq^ ) / and 10 checks. Selection protocols were the same as for 
CI except that the bases for selection was the mid-parental 
value of the two immediate parents of each line. Intermating 
and Sq plant growout to produce the C3 population took place 
in the fall of 1984 and the winter of 1984-85. 
McFerson and Frey (1990, 1991, 1992) evaluated the prog­
ress from three cycles of selection in summer 1985. The 3 00 
Sqj lines from C3 and the 20 C3 parents were included as part 
of their evaluation experiment. The experimental design, 
locations, and trait measurements were similar to the CI and 
C2 selection experiments, except that GPC and PY were measured 
from two bulk seed lots (one from each location) rather than 
on one bulk from all six replications. 
Twenty C4 parents per line of descent were chosen from 
the C3 populations. Selection criteria (based on entry means 
for GY, GPY and PY) were the same as in previous cycles. The 
parents were intermated in fall 1987, and 3 00 Sg^^ lines were 
produced in winter 1987-88. Cloudy weather and disease prob­
lems during intermating reduced seed set on some matings and 
delayed other matings. Sq plants from matings at normal and 
delayed dates were handled as two separate groups of lines for 
growouts. All crosses were not equally represented by three 
SqJ lines per cross in the C4 population, but the C4 popula­
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tion included approximately equal proportions of all parents. 
The two groups in a line of descent were handled sepa­
rately in the C4 selection experiments in 1988. Group A 
(which included 194, 252, and 218 lines from HGP, HG and HP, 
respectively) contained the Sg ^ lines from crosses that were 
made at the normal date and Group B (which included 105, 51, 
and 82 lines from HGP, HG, and HP, respectively) contained the 
lines from the delayed matings. The group A and B experiments 
contained a common set of 10 checks. Group A experiments were 
sown on April 19 and group B experiments were sown on April 29 
at both Ames and Kanawha. The fertility regime was similar as 
for previous cycles except that no N was applied at the flag 
leaf stage. HD, HT, GY, GPC, and PY were measured as in the 
CI and C2 selection experiments. 
The selection procedures were modified slightly to obtain 
C5 parents. In HGP, 13 and 7 lines were selected from the 
group A and B experiments, respectively, on the basis of high 
PY per se. In HP, 45 and 15 lines were selected initially 
from groups A and B on the basis of high PY. These lines were 
then ranked for GPC and the 20 highest ranking lines for GPC 
were selected; 15 lines from Group A and 5 from Group B. A 
similar procedure was conducted for HG, except that the final 
20 selections were made on the basis of high rankings for GY, 
instead of GPC; 17 were from Group A and 3 from Group B. HD 
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and HT were restricted in all lines of descent as in CI 
through C3. 
The C5 parents were intermated in the greenhouse in fall 
1988, and the 300 C5 lines (in the Sq^ ) were produced in 
winter 1988-89. 
Evaluation experiment; The effectiveness of the selec­
tion strategies from CO through C5 was evaluated in 1989. 
Thirty to sixty random lines from each cycle in each line of 
descent, along with ten checks (Table 1), were grown in 20-
seed hill plots in a randomized complete block experiment at 
three locations with two replications per location. The check 
lines were entered four times in each replication. One loca­
tion was abandoned due to damage from a herbicide. The two 
Table 1. Number and description of random lines and check 
lines entered in the 1989 evaluation. 
Random lines Check lines 
Cycle No. Desc. Name Grain yield Protein content 
0 60 ®0.4 Don High Low 
1 30 ®0.3 Ogle High Low 
2 30 ®0.3 Sheldon High Moderate 
3 60 So.2 Hamilton High Moderate 
4 60 So.2 B605-1085 High Moderate 
5 60 So.i Webster High Moderate 
Noble Moderate Moderate 
Preston Low High 
Proat Low High 
Diana Low High 
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remaining test sites were the Ames location and the Northeast 
Research Center at Nashua, Iowa. The soil type at Nashua was 
a Kenyon readlyn loam. Planting dates were April 3 and April-
13 at Ames and Nashua, respectively. Fertilizer rates of 
nitrogen-phosphorus-potassium were 34-22-28 kg ha'^ at Ames and 
45-0-0 kg ha'^ at Nashua. Bayelton was sprayed on the experi­
ment at Nashua to preclude foliar disease. 
HD, HT, and GY were measured on a plot basis for each 
line as in the evaluation experiment (HD and HT were measured 
at Ames only). Two other traits were measured on all plots at 
both locations; 
- Above ground biomass (BM) (Mg ha"^) dry weight of 
entire bundle harvested at soil level. 
- Straw yield (SY) (Mg ha'^) calculated as BY - GY. 
Next, the seed from the two replications of an entry at a 
location were bulked. This resulted in two bulk seed lots for 
each entry; one from each location. GPC was determined for 
each entry at each location. Five other traits were measured 
on the bulk seed lots; 
- Groat percent (GP) (%) determined by manually 
dehulling a random sample of about 50 seeds and dividing 
the groat weight by total seed weight. 
- Groat yield (GTY) (Mg ha'^) calculated by multiply­
ing mean GY at a location by GP. 
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- Groat-protein yield (GPY) (kg ha'^) calculated by 
multiplying GTY by GPC. 
- Seed weight (SDWT) (g) weight of 100 randomly 
selected seeds. 
- Test weight (TWT) (kg la"^) weight of a fixed volume 
of grain. Test weight was measured in a container with a 
volume of 78 ml (Klein and Frey, 1992). 
Statistical analysis of evaluation experiment; An analy­
sis of variance was conducted on two subsets of this data. 
First, the data for the check lines were analyzed. Entries 
were considered fixed and locations random. Each cultivar was 
entered in the experiment four times; for traits measured on 
bulk seed lots, each bulk was considered as one replication, 
resulting in four replications within each location. Fisher's 
protected L.S.D. was calculated to compare cultivar means. 
Second, an analysis of variance for each trait was con­
ducted within each line of descent to test for significant 
differences among cycle means and among genotypes (entries) 
within cycles. Locations and entries were considered as 
random effects and cycles as fixed. An approximate F test 
(Satterthwaite, 1946) was used to test for differences among 
cycle means and Fisher's protected L.S.D. was used for planned 
comparisons of cycle means. The harmonic mean for the number 
of observations within cycles was used to calculate the L.S.D. 
Entries within cycle mean squares were tested against the 
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location by entry mean square for each cycle to test for 
significant genotypic variation. Location by entry effects 
were tested against the error term. For traits measured on 
bulk seed lots (ie. one replication per location), the error 
term from the analysis of checks was used to test the location 
by entry mean square. 
Two additional L.S.D. values were calculated from these 
analysis. To compare cycle means with check means, the error 
mean square from the analysis of cultivars and the approximate 
mean square from the analysis of cycle means were divided by 
the appropriate number of observations and used to calculate a 
pooled standard error. The degrees of freedom for the error 
mean squares differed in the two analyses; the higher of the 
two possible t values was used for computing the L.S.D. A 
similar procedure was used to calculate an L.S.D. to compare 
individual lines from the populations with the checks, except 
that the error mean square for cultivars and the location by 
entry mean square for the population was used to calculate the 
standard error. 
Phenotypic and genotypic variance components within 
cycles were estimated by equating the observed mean squares 
with their expectations. Approximate 90% confidence intervals 
for variance components were estimated by the method of Bulmer 
(1957). Estimates of broad-sense heritabilities were calcu­
lated on an entry mean square basis for each cycle within each 
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line of descent as: 0-qIù\, where Ct-q and ô^p equal genotypic 
and phenotypic variance, respectively. Exact 90% confidence 
intervals were estimated by the method of Knapp et al. (1985). 
Regression analysis was conducted to estimate the corre­
lated response of agronomic traits to selection for protein 
yield. Entry means were regressed on cycle number to obtain 
estimates of the linear (^1) and quadratic effects (132) . 
Significance of the regression coefficients was tested by 
partitioning the cycle sums of squares from the analysis of 
variance into linear, quadratic and deviations sums of 
squares, and testing the partitioned effects against the 
location by cycle mean square. Average change per cycle was 
estimated as jSl from the straight line model. 
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RESULTS AND DISCUSSION 
Cultivar performance; The performance of widely grown 
cultivars provide the best criteria to judge the acceptability 
of a source population for cultivar improvement. Nine cult­
ivars and one elite breeding line were included in our evalua­
tion as check lines on the basis of their performance for 
grain yield and protein content (see Table 1). Grain yields 
of the checks ranged from 3.05 to 3.73 Mg ha'^, but the three 
highest yielding cultivars produced more than 3.5 Mg ha'^ grain 
(Table 2). Test weight, seed weight, and groat percent are 
all related measures of seed quality; the best cultivars had 
test weight over 430 kg m"^, and seed weight of 3.30 g, and 
groat percentage of all ten cultivars was about 71 to 72%. 
Straw yields ranged from 3.49 to 4.86 Mg ha"^. Based on the 
results of these cultivars, acceptable ranges for heading date 
and height are 67 to 70d and 98 to 111cm, respectively. 
Population performance; Grain yield increased signifi­
cantly from CO to C5 in all three lines of descent (Table 3). 
As expected, HG showed the greatest rate of gain at 200 kg ha'^ 
per cycle, followed by HGP (100 kg ha'^) and HP (70 kg ha'^) . 
Mean grain yield in the C5 populations of the three lines of 
descent were equal to or slightly higher than the grain yields 
of the highest yielding cultivars. The improvement in grain 
yield in these populations is an indirect result of selection 
Table 2. Means for seven agronomic traits measured on ten checks. 
Grain Test Seed Groat Straw Heading 
Cultivar vield weiaht weiaht Dercent vield date Heiaht 
Mg ha'l kg 9 % Mg ha d cm 
Don 3 .55 435 3.33 71.2 3.49 67.1 98 
Ogle 3.67 388 3.35 72.2 3.98 69.6 102 
Sheldon 3.73 441 3.22 72.2 4.28 68.5 111 
Hamilton 3.47 397 3.34 72.1 4.39 67.3 101 
B605-1085 3.36 436 3.16 70.8 4.19 68.6 100 
Webster 3.55 396 3.32 70.9 4.41 67.6 102 
Noble 3.25 440 3.20 71.2 4. 07 68.6 102 
Preston 3.05 432 2.79 71.7 4.23 68.1 105 
Proat 3 .25 410 3.05 71.1 4.86 75.0 106 
Diana 3 .16 408 3.17 70.7 4.04 67.4 105 
LSD* 0.43 14 0.23 ns 0.59 1.1 3 
® LSD to compare cultivar means. 
Table 3. Means of seven agronomic traits in three lines of descent. 
Line of Grain Test Seed Groat Straw Heading 
descent^ Cvcle vield weiaht weiaht percent vield date Heiaht 
Mg ha-i kg m'^ 9 % Mg ha'i d cm 
HGP CO 3.31 416 3.00 70.0 4.72 71.2 105 
CI 3.46 413 3.06 70.7 4.83 68.3 107 
C2 3.60 407 3.05 69.8 4.81 68.7 106 
C3 3.86 407 3.04 70.3 5.11 69.1 109 
C4 3.63 402 3.05 69.4 4.78 69.6 107 
C5 3.84 404 2.96 70.2 4.76 68.1 105 
LSD^ 0.41 14 0.14 1.6 0.50 1.2 2 
b" 0.10** -2.6* -0.004$ -0.03ns 0.01$ -0.4**$ 0.2$ 
HG CO 3 . 04 399 3.13 70.1 4.46 70.7 104 
CI 3.28 406 3.04 70.6 4.65 68.8 106 
C2 3.36 405 3.18 71.3 4.49 67.9 106 
C3 3.79 403 3.16 71.3 4.82 68.4 107 
C4 3.85 399 3.15 71.7 4.70 68.4 105 
C5 4.02 410 3.24 71.7 4.59 67.6 105 
LSD^ 0.52 15 0.18 2.6 0.44 1.1 2 
b"" 0.20** Ins 0.02ns 0.3ns 0.03**$ -0.5**$ 0.2$ 
HP CO 3.31 413 2.94 69.9 4.92 70.7 105 
CI 3.37 405 3.07 68.8 4.86 70.4 107 
C2 3.47 398 3.01 68.3 4.96 70.8 107 
C3 3.58 401 2.94 67.9 4.96 70.5 106 
04 3.50 396 3.02 67.3 4.92 70.7 107 
C5 3.71 390 2.97 67.6 4.91 70.5 105 
LSD*' 0.39 11 0.18 1.8 0.44 1.1 2 
b° 0.07** -4.1** 0.002ns -0.5** 0.OOlns -0.02ns 0.2$ 
HGP, selection for protein yield per se; HG, selection for protein yield through 
high grain yield; HP, selection for protein yield through high grain yield and high 
protein content. 
LSD to compare cycle means from Table 3 with cultivar means from Table 2. 
Linear regression coefficient from the straight line model. *, ** = linear effects 
significant at p = 0.05 or p = 0.01, respectively; ns = no significant differences 
among cycle means. Traits with significant quadratic or residual effects are 
marked with a 
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for protein yield, and judging from the significant linear 
response in each line of descent it appears that neither the 
direction nor magnitude of response has diminished in five 
cycles. 
Response in the seed quality traits, (test weight, seed 
weight, and groat percent), varied among the three lines of 
descent. Test weight decreased from CO to C5 in HGP and HP, 
with HP showing an average loss of more than 4 kg m'^ per 
cycle. Test weight increased slightly, but not significantly 
in HG. Seed weight remained unchanged in HG and HP but showed 
a non-linear change over cycles in HGP; increasing from CO to 
CI, remaining unchanged from CI to C4, then decreasing in C5. 
The seed weight of C5 was not significantly different from CO 
in HGP. Groat percent remained unchanged in HGP, increased 
slightly in HG, and decreased significantly (0.5% per cycle) 
in HP. 
The varied response in seed quality traits in these 
populations are probably related to the changes in protein 
concentrations in the lines of descent. Emphasis on both 
grain yield and protein concentrations in the HP line of 
descent produced significant increases in groat-protein con­
centration from CO to C5. Increased protein concentrations 
are often associated with slender groats, low groat weight, 
and low groat percent. Lines with a low groat percent will 
tend to be lower in test weight due to the increased percent­
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age of hulls (Youngs and Forsberg, 1987; Pixley and Frey, 
1992). Conversely, selection in HG improved protein yield 
through increased grain yield, which resulted in a significant 
decline in groat-protein concentrations. No significant 
changes in test weight, seed weight or groat percent occurred 
in HG, but the trends for all three traits were in the oppo­
site direction of HP. HGP showed an intermediate response in 
grain yield and groat-protein concentration, and likewise, the 
seed quality of HGP also tended to be intermediate between HG 
and HP. 
When compared with the checks, seed quality of the C5-HG 
population is slightly lower than the best cultivars, but 
still appears to be within an acceptable range. Seed quality 
in HP is generally significantly poorer than the checks. 
Mean straw yield in C5 was not significantly different 
from CO means in any line of descent. Straw yields generally 
held constant over all cycles of selection in all three lines 
of descent except for a large deviation in C3 of HGP and HG. 
Plant height increased in the HGP and HG C3 populations, and 
so the increase in straw yield is probably a function of the 
taller plants in the C3 populations. Average straw yields in 
all three lines of descent are equal to Proat, which was the 
check with the highest straw yield. 
Heading date decreased significantly in the HGP and HG 
lines of descent, but most of the decrease occurred in the CI. 
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From Cl to C5, heading dates were relatively constant in all 
three lines of descent. Plant height increased in the early 
cycles of selection and decreased in C4 or C5, resulting in a 
significant quadratic response in all three lines of descent. 
The average heading dates and plant heights of the C5 popula­
tions are within the range of acceptable limits. HP is sligh­
tly later than desirable, but the average heading date of the 
C5 population is within the mid-season range of maturity. 
Generally, selection for protein yield or grain yield alone 
results in a correlated response for later maturity and taller 
plants (McFerson and Frey, 1992; Stuthman, 1988). The re­
strictions on heading date and height when parents were se­
lected were effective in holding the responses in these traits 
within acceptable limits. 
In summary, the HG population may be the best source 
population for the selecting parents or cultivars because of 
its high mean grain and straw yields, acceptable seed quality, 
and early maturity. Seed quality is lacking in the HP line of 
descent. Lines from the HP line of descent may have to be 
crossed to other parents with acceptable seed traits to obtain 
recombinants with a desirable combination of grain yield, 
protein concentration, and seed quality. HGP is intermediate 
between HG and HP for all seven traits. 
Genotvpic variances; Significant genotypic variances 
were present for test weight, seed weight, heading date and 
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height in all, or nearly all, populations in all three lines 
of descent (Table 4). The genotypic variances for several 
traits decreased dramatically from CO to CI. This response 
can be expected because only five lines were selected from the 
CO to serve as CI parents. Genotypic variances for test 
weight, seed weight, straw yield, heading date, or height did 
not show any consistent change with selection from CI to C5. 
Genotypic variance for groat percent was low in the HG line of 
descent, and it declined in HGP and HP. 
Significant genetic variance for grain yield was not 
detected in several populations. However, since significant 
genetic gains in grain yield occurred in all three lines of 
descent, genetic variability for grain yield must have existed 
in these populations. For example, the genetic variance 
estimates in CO of HGP and HG were not significant, but genet­
ic gains for grain yield were made between CO and CI in both 
lines of descent. Perhaps more accurate estimates of the 
genetic variance for grain yield would have been obtained if 
the evaluation experiment had contained more lines from each 
population or more replications had been used. 
Line performance; Since mean grain yields for the C5 
populations were equal to or better than the highest yielding 
cultivars, these populations most likely contain individual 
lines with grain yields significantly higher than the cultiva­
rs. The top five lines, based on grain yield, from each line 
Table 4. Genotypic variances for seven agronomic traits in three lines of descent. 
Line of Grain Test Seed Groat Straw Heading 
descent* Cvcle vieldb weiaht weiaht^ percent vield'' date Heiaht 
HGP 0 60 626** 69** 7.92** 455** 11.3** 17.0** 
1 191** 284** 10 5.03** 298** 5.2** 13.1** 
2 29 255** 54** 3.71* 95 8.2** 9.4** 
3 77 147** 24** 3.79** 165* 6.6** 10.4** 
4 66* 287** 36** 4.67** 107 6.2** 10.2** 
5 123** 290** 32** 2.77** 227** 8.7** 10.2** 
HG 0 11 564** 27** 0.07 153** 10.9** 16.1** 
1 63 117* 26* 0.94 240* 5.3** 11.0** 
2 50 341** 68** 2.33* 134 4.6** 6.6** 
3 95* 214** 31** 3.09** 135* 5.5** 8.9** 
4 2 188** 39** 1.79 68 5.5** 12.8** 
5 193** 161** 16* 1.89 176** 2.4** 8.9** 
HP 0 143** 196** 31** 4.91** 159* 7.5** 16.8** 
1 -12 171** 34** 5.29** 118 6.3** 4.2** 
2 91 183** 39** 5.51** -12 12.6** 16.4** 
3 80* 116* 19** 0.98 136* 5.4** 9.3** 
4 -2 417** 20** 3.03** 105* 5.7** 11.0** 
5 25 127** 15* 0.63 131* 5.2** 5.8** 
^ HGP, selection for protein yield per se; HG, selection for protein yield through 
high grain yield; HP, selection for protein yield through high grain yield and high 
protein content. 
^ Multiply value in table by 10'^ to obtain actual variance. 
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of descent are all significantly greater than the highest 
yielding cultivar (Table 5). As expected from the populations 
means, lines from the HG line of descent tended to be more 
acceptable agronomically than lines from HGP and HP. For 
example, line M586-4 from the HG-C5 population combines high 
grain and straw yields with good test weight, and acceptable 
seed weight, groat percent, height and maturity. 
Correction of the improved populations for agronomic 
traits; While the HG population is generally acceptable for 
agronomic traits, the HGP and HP populations appear to be low 
in seed quality. Two approaches can be considered to improve 
the agronomic traits in these two lines of descent. First, 
the C5 populations could be re-selected for high test weight, 
seed weight, and groat percent while holding groat-protein 
yield, groat yield, and groat-protein concentrations constant. 
Once seed quality is improved to an acceptable level, selec­
tion for protein yield could resume, but at the same time seed 
quality would be held constant. The successful restrictions 
on heading date and height is an example of a simple procedure 
that might be successful if applied to the seed quality 
traits. 
This approach may be most feasible in HGP because the 
heritabilities of the seed traits are high (Table 6) and their 
correlations with groat-protein yield, groat yield, and groat-
protein concentration are favorable or neutral (Table 7). In 
Table 5. Means of grain yield and agronomic traits of five lines with highest grain 
yield in each line of descent. 
Line of Line Grain Test Seed Groat Straw Heading 
descent" fCvcle) vield weiaht weiaht percent vield date Heiaht 
Mg ha'i kg m'^ g % Mg ha-l d cm 
HGP M861-4(C5) 5.09 404 2.71 70.7 5.84 72.0 112 
M857-4(C5) 4.90 409 2.80 74.4 5.09 68.0 104 
J883-3(C3) 4.79 434 3.01 72.0 6.03 63.5 111 
M927-4(C5) 4.74 430 3.11 70.4 5.76 67.0 107 
M858-4(C5) 4.74 433 2.80 71.7 5.74 69.0 108 
LSOb 1.09 25 0.35 3.4 1.32 3.5 7 
LSD* 0.83 19 0.27 2.7 1.02 2.7 5 
HG M586-3(C5) 5.01 411 3.13 71.5 5.57 68.5 109 
J682-1(C3) 4.93 405 2.94 72.0 6.14 69.5 114 
M617-4(C5) 4.93 426 3.55 65.9 4.90 68.5 114 
M562-3(C5) 4.93 414 3.18 69.4 5.38 67.5 103 
M586-4(C5) 4.85 431 3.12 71.6 4.65 67.5 103 
LSD^ 1.04 25 0.41 6.3 1.21 3.0 7 
LSD* 0.80 19 0.31 4.6 0.95 2.1 5 
HP M462-4(C5) 4.90 411 2.75 66.9 5.95 68.5 106 
M498-4(C5) 4.82 402 3.10 67.5 5.68 68.5 114 
J731-2(C3) 4.56 414 2.82 69.4 5.33 71.5 112 
M483-4(C5) 4.55 386 2.95 63.3 6.30 73.5 105 
M527-4(C5) 4.55 412 3.11 68. 6 5.04 67.0 107 
LSD*' 1.01 32 0.37 4.3 1.22 2.5 6 
LSD* 0.78 23 0.29 3.3 0.96 2.1 5 
^ HGP, selection for protein yield per se; HG, selection for protein yield through 
high grain yield; HP, selection for protein yield through high grain yield and high 
protein content. 
^ LSD to compare line means within a population. 
® LSD to compare line means from Table 5 with cultivar means from Table 2. 
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HP, however, heritabilities for all three seed traits were 
lower than HGP, particularly for groat percent, and the corre­
lations between groat-protein concentration and the three seed 
traits tended to be negative. Thus, selection for increased 
seed quality in HP may not be as effective as in HGP, and it 
may cause a decrease in the groat-protein concentration. 
Stuthman (1988) has observed this type of response in oat. He 
increased grain yield of an oat population through recurrent 
selection, but noted that average heading date and plant 
height also increased. He then selected for shorter plants 
and earlier maturity within the improved populations, but 
found that the re-selected populations were lower in grain 
yield. 
A related option is to continue selecting for protein 
yield, but include seed quality in the selection criteria via 
a selection index. This option most likely would reduce the 
rate of genetic gain for protein yield, but it might result in 
a more agronomically desirable population. 
The second approach for improving the agronomic traits in 
these lines of descent is to introduce lines from outside the 
population into the selection program as a subset of C6 par­
ents. The most desirable lines to introduce would contain 
above average protein concentration and good seed quality 
traits. A combination of the two options may produce the best 
results. 
Table 6. Broad sensed heritability estimates (x 100) for seven agronomic traits in 
three lines of descent. 
Line of Grain Test Seed Groat Straw Heading 
descent® Cvcle vield weiaht weiaht TDercent vield date Heiaht 
HGP 0 81 80 71 46 87 70 
1 73 71 —  —  68 63 77 60 
2 — 73 89 55 —  —  86 63 
3 — — 60 61 66 43 76 58 
4 44 78 68 71 —  —  78 71 
5 47 83 68 75 52 88 68 
HG 0 — — 74 55 —. — 47 89 75 
1 55 50 55 75 61 
2 81 80 50 71 56 
3 43 75 60 60 43 83 58 
4 — 65 72 — —  82 73 
5 57 67 41 — 49 75 66 
HP 0 51 56 69 61 40 86 79 
1 — 66 74 76 —  —  80 37 
2 — 61 80 67 91 80 
3 43 44 59 — 44 83 66 
4 — 80 53 50 41 84 70 
5 — 55 43 — —  40 88 52 
^ HGP, selection for protein yield per se; HG, selection for protein yield through 
high grain yield; HP, selection for protein yield through high grain yield and high 
protein content. 
Table 7. Phenotypic correlations between groat-protein yield, groat yield and groat-
protein content and seven agronomic traits in the C5 populations of HGP, HG 
and HP. 
Line of Grain Test Seed Groat Straw Heading 
descent* Trait'' vield weight weiaht percent vield date Heiaht 
HGP GPY 0.96** 0.22 -0.16 0.31* 0.76** -0.14 0.28* 
GTY 0.98** 0.22 -0.18 0.36** 0.74** -0.09 0.31* 
GPC -0.32* —0.02 0.09 -0.16 -0.09 -0.14 -0.10 
HG GPY 0.93** -0.03 -0.02 0.29* 0.73** 0.11 0.19 
GTY 0.96** 0.03 -0.00 0.28* 0.72** 0.09 0.19 
GPC -0.08 -0.26* -0.14 0.04 0.05 0.11 0.05 
HP GPY 0.94** 0.02 -0.03 0.02 0.64** -0.27* 0.33* 
GTY 0-98** 0-11 0.04 0.14 0.57** -0.34** 0.35** 
GPC -0.26* -0.23 -0.20 -0.33** 0.08 0.32* -0.17 
" HGP, selection for protein yield per se; HG, selection for protein yield through 
high grain yield; HP, selection for protein yield through high grain yield and high 
protein content. 
^GPY = groat-protein yield; GTY = groat yield; GPC = groat-protein concentrations. 
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Most recurrent selection programs have been conducted as 
basic studies to test the response to selection for a specific 
trait of interest and usually have not been integrated into 
applied cultivar development programs (Hallauer, 1985). 
Results from this study suggest that recurrent selection may 
be a valuable part of an applied cultivar improvement program 
with oat. However, the usual practices of working only with 
closed populations and conducting selection for only one or 
two traits will limit the usefulness of the resulting popula­
tions. Adapting these recurrent selection procedures to 
include several traits and sources of parents may result in an 
effecient method for producing improved source populations for 
the isolation of potential parents or new cultivars. 
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GENERAL SUMMARY 
Sj-recurrent selection for increased protein yield in oat 
was conducted for five cycles of selection in three lines of 
descent. The protocol allows for each cycle of selection to 
be completed in one year (Frey et al., 1988). Parents are 
crossed in the greenhouse in the Fall to produce 100 matings 
with 4 seeds per mating. The Sg seeds are grown during the 
winter under specific photoperiod and temperature conditions 
to produce 300 Sqj lines (3 lines per mating) . The Sg ^ lines 
are evaluated in hill plots in replicated yield trials at two 
or more locations during the summer, and 2 0 parents are se­
lected from the evaluation experiment for the next cycle. 
The selection criteria for each line of descent empha­
sized different components of protein yield. Twenty lines 
were selected on the basis of protein yield per se in the HGP 
line of descent. In HP, 50 lines were selected on the basis 
of high protein yield. Next, the 50 high-protein yield lines 
were evaluated for grain yield and groat-protein concentration 
and 20 of them with high protein yield due to both high grain 
yield and high groat-protein concentration were chosen. A 
similar procedure was used in HG, except that the final selec­
tion of the 20 parents from the set of 50 high-protein yield 
lines was based on a high deviation from the average of the 
parents for grain yield only. The selection differentials for 
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heading date and height were restricted to zero or less than 
zero in all three lines of descent. 
The direct and indirect responses to selection in these 
three lines of descent were evaluated in 1989. Thirty to 
sixty lines from each cycle and ten check lines were grown in 
hill plot experiments at two locations with two replications 
per location. 
Groat-protein yield significantly increased from CO to C5 
in all three lines of descent. HG showed the greatest rate of 
gain with a average increase of 19 kg ha'^ per cycle, followed 
by HP at 14 kg ha'\ and then HGP at 8 kg ha'^ per cycle. Cycle 
5 (C5) means for HGP, HG, and HP were 514, 501, and 544, 
respectively, which is slightly higher than the highest groat-
protein yielding commercial cultivar evaluated in our trial. 
The top groat-protein yield lines from each cycle also im­
proved so that C5 had the highest lines for groat-protein 
yield. Several of the highest groat-protein yielding lines in 
C5 of all three lines of descent were significantly greater in 
protein yield than commercial cultivars. Thus, this S^-recur-
rent selection program was effective at increasing groat-
protein yield in all three lines of descent. 
Although groat-protein yield in these lines of descent 
increased at a rate of 2 to 4% per cycle, the effects of the 
selection criteria produced divergent responses in groat yield 
and groat-protein concentration. Groat yield was increased 7% 
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per cycle in HG, 3% per cycle in HGP, and 1% per cycle in HP. 
Mean groat yields in cycle 5 of all three lines of descent 
were equal to or slightly greater than high yielding commer­
cial cultivars. HP showed a significant increase in protein 
concentration from 20.2 to 21.8%, but HGP and HG showed de­
clines from 2 0.0 to 19.2% and from 19.3 to 17.5% protein, 
respectively. The C5 population of HP contains a combination 
of high groat yield and high groat-protein concentration. The 
unique features of these results are the high rates of gain in 
groat yield in HG, and the simultaneous gains in groat yield 
and groat-protein concentration in HP. 
The source of these gains were investigated through 
analysis of yield components. Two types of response were 
observed. Both biomass and groat index increased in HGP (7% 
and 8%, respectively) and in HG (15% and 17%, respectively). 
Part of the increase in biomass in these two lines of descent 
were due to increased vegetative growth rates. In contrast, 
only biomass increased in HP. These results indicate that 1) 
increases in biomass as well as groat index are important to 
maximize yield gains in oat, 2) increases in groat-protein 
concentrations are best accomplished through increased biomass 
while holding groat index constant (Kramer, 1979), and 3) 
increased vegetative growth rate can contribute to increased 
groat yield and groat-protein concentration in oat. 
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The value of any breeding method is dependent on the 
agronomic performance of the improved lines or populations. 
Thus, changes in the agronomic performance of these lines of 
descent were evaluated and the improved populations were com­
pared to ten commercial cultivars. The only unfavorable 
indirect responses to selection were decreased test weight in 
HGP and HP, and decreased groat percent in HP. HG produced 
the most agronomically acceptable populations. The C5 HG 
population produced lines with higher grain and straw yields 
than the high yielding cultivars, and was acceptable for head­
ing date and seed quality (groat percent, test weight, and 
seed weight). HP produced lines higher than average grain and 
straw yields but they tended to be later and taller than most 
of the early and midseason cultivars. Seed quality also was 
lacking in the HP population which may limit its usefulness in 
applied cultivar development programs. HGP was intermediate 
between HG and HP in agronomic performance. These results 
indicate that recurrent selection for protein yield through 
high grain yield (ie. in HG, HGP) can produce high yielding 
source populations with acceptable agronomic traits. Selec­
tion for both grain yield and groat-protein concentration (in 
HP) may require concurrent mild selection for maturity, 
height, and seed quality in order to produce an acceptable 
source population for cultivar development. 
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